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ii Summary 
 
Environmental issues and the security of energy supply have stimulated interest in the 
development of alternatives for fossil based energy carriers and chemicals. Biomass has been 
identified as a promising resource because it is abundantly available and in principle CO2 
neutral. However, the relatively high costs of biomass derived energy carriers and products 
have slowed down the developments considerably. To increase the economic attractiveness, 
fast growing biomass sources in combination with very efficient conversion processes are 
required to obtain high energy yields per hectare. A promising biomass conversion technology 
is flash pyrolysis.  
Fast pyrolysis is a thermo-chemical process conducted at 450-550°C in which biomass 
is rapidly heated in the absence of oxygen. In the last decade, fast pyrolysis of biomass has 
received considerable interest as it appears to be a very attractive technology to produce a 
liquid energy carrier (known as bio-oil, BO) with yields upto 80 wt% (dry biomass base). The 
remaining products are char (10-20 %) and combustible gasses (10-30%). 
As such, the number of applications for crude BO is limited and upgrading technology is 
required to meet the specifications in more demanding markets like liquid transportation fuels. 
Considerable effort has been devoted to bio-oil (BO) upgrading by either modifying the fast 
pyrolysis process (‘in-situ upgrading’) to obtain the desired liquid product (hydro-pyrolysis, 
catalytic flash pyrolysis, etc) or by upgrading the BO product by additional treatments (post-
pyrolysis upgrading, e.g. hydrotreating, blending).  
This thesis describes the results of exploratory experimental studies on the upgrading of 
fast pyrolysis oil (BO). Novel approaches to obtain valuable chemicals and/or energy carriers 
are introduced. In Chapter 1, the literature on post-pyrolysis upgrading of BO is reviewed. The 
available upgrading processes may be classified into physical and chemical upgrading. Most of 
the BO upgrading studies are devoted to modify the BO to obtain a product with improved 
properties for heat and power generation and/or for application as a transportation fuel. 
Integration of the production of energy-carrier with that of chemicals appears to be a viable 
route to increase the economic attractiveness of pyrolysis technology and is included in this 
review.  
Chapter 2 describes an experimental study on BO upgrading by catalytic partial 
hydrodeoxygenation (HDO) with the main objective to increase the energetic value of the oil. 
This study was performed in a batch reactor at elevated pressures and temperatures. The 
iii process was performed in two stages, a first stage at 250-300
oC to stabilize the BO and a 
second stage a 300-400
oC for de-oxygenation. Different types of heterogeneous catalysts were 
screened, like conventional sulfided catalysts (i.e. NiMo/Al2O3, CoMo/Al2O3) and noble metal 
based, non-sulfided catalysts like Ru/Al2O3. Operating conditions were varied (100 bar H2, 
T=250-400
oC) to obtain the highest yield of HDO oil. The lowest oxygen level in the HDO 
product was 10 %, which is a considerable reduction compared to the crude BO (20 wt%, dry 
basis). The HDO product obtained using the Ru catalyst is rich in phenol and phenolics, that are 
interesting bulk chemicals with high added value. This suggests that HDO of BO could be an 
interesting route for combined energy carrier-chemical production from BO. 
Chapters 3 and 4 describe the hydrogenation of BO fractions at considerably milder 
conditions  (40-45 bar, 30-90
oC) than applied for the HDO process using heterogeneous 
catalysts. For this purpose, homogeneous ruthenium catalysts were applied in biphasic liquid-
liquid systems. Biphasic catalysis was applied to overcome catalyst-product separation 
problems. The biphasic system was tuned in such a way that the homogeneous catalyst was 
poorly soluble or insoluble in the BO fraction to be hydrogenated. 
Chapter 3 describes the biphasic hydrogenation of a BO fraction obtained by 
dichloromethane extraction of pure BO. The dichloromethane fraction was hydrogenated using 
a homogeneous water soluble Ru/tri-phenylphospine-tris-sulphonate (Ru-TPPTS) catalyst. 
Initially, the hydrogenation of selective model compounds like vanillin, acetoguaiacone, iso-
eugenol was investigated. The effects of process parameters (e.g. temperature, NaI addition, 
solvents, and pH of aqueous phase) were determined for vanillin and quantified by a kinetic 
study. Subsequently, the dichloromethane soluble BO fraction was hydrogenated. Analysis 
revealed that the oxygen content was lowered considerably and that particularly the amounts of 
reactive aldehydes were reduced substantially.  
Chapter 4 describes a similar approach, however, in this case the water-soluble fraction of 
BO was hydrogenated in a biphasic system with a water in-soluble homogeneous Ru-catalyst 
(Ru/tri-phenylphosphine, Ru-TPP) dissolved in an apolar solvent. Initial experiments were 
conducted with representative, water soluble model compounds like hydroxyacetaldehyde and 
acetol. The effects of process parameters (e.g. temperature, initial H2 pressure, and initial 
substrate concentration) were investigated and quantified for 1-hydroxy-2-propanone (acetol) 
using a kinetic model. Finally, the hydrogenation of the BO water-soluble fraction using the 
biphasic system at optimized conditions was performed. 
iv Chapter 5 describes an experimental study on BO upgrading by means of an alcohol 
treatment using the concept of reactive distillation. Here, the BO is treated with a high boiling 
alcohol in the presence of an acid catalyst at mild temperatures (60 
oC) and under reduced 
pressure (50-150 mbar). Variables like the type of alcohol (n-buthanol, ethylene glycol, 2-ethyl-
hexyl-alcohol) and the type of catalyst (liquid- and solid acids) were explored and the product 
properties of the resulting upgraded pyrolysis oil (viscosity, water content, pH, and heating 
value) were determined.  
Acetic acid recovery from BO by employing reactive extraction using long chain tertiary 
amines is discussed in Chapter 6. The effects of process variables were investigated and the 
optimum conditions were determined. For the optimized system, around 90 wt% of the acetic 
acid was selectively extracted from BO in a single equilibrium step. Unfortunately, the amine is 
also soluble in the BO phase, leading to undesirable amine losses. The solubility of the amine 
may be reduced by adding co-solvents to the BO phase. Considerable better results were 
obtained with the aqueous phase of a thermally treated BO. For this system, an extraction 
efficiency of 75 wt-% was obtained without amine transfer to the aqueous phase. 
  
v  
 
vi Samenvatting 
 
Aan het gebruik van de huidige fossiele energiebronnen voor het opwekken van electriciteit en 
als transportbrandstof voor auto’s en vrachtwagens zijn een aantal nadelen verbonden. Fossiele 
grondstoffen zijn niet hernieuwbaar en leiden bij gebruik tot verhoogde concentraties CO2 in de 
atmosfeer. Het is daarom niet verwonderlijk dat hernieuwbare energiedragers momenteel sterk 
in de belangstelling staan. Biomassa wordt als een veelbelovend alternatief gezien, mede door 
de overvloedige beschikbaarheid en omdat het in theorie niet bijdraagt aan de toename van de 
CO2 concentratie in de atmosfeer. Echter, de relatief hoge kosten van biomassa afgeleide 
energiedragers en producten in vergelijking met de huidige fossiele energiedragers hebben de 
ontwikkeling aanzienlijk vertraagd. 
Om de economische aantrekkelijkheid van het gebruik van biomassa te verhogen 
moeten goedkope biomassabronnen geidentificeerd worden en omgezet worden met zeer 
efficiënte processen. Een veelbelovende technologie voor biomassa omzetting is flash (snelle) 
pyrolyse.  Snelle pyrolyse is een thermo-chemisch proces waarbij de biomassa snel wordt 
opgewarmd tot een temperatuur van 450-550°C in de afwezigheid van zuurstof. In het laatste 
decennium heeft snelle pyrolyse van biomassa veel aandacht gekregen omdat het met deze 
technologie mogelijk is om een vloeibare energiedrager (bekend als bio-olie) te produceren uit 
diverse biomassa stromen met opbrengsten tot 80 gew.% (gebaseerd op droge biomassa). De 
resterende producten zijn kool (10-20 %) en brandbare gassen (10-30%).  
Als zodanig zijn de toepassingen van ruwe bio-olie (BO) beperkt en zijn er vervolgstappen 
nodig om de ruwe BO te bewerken tot producten die voldoen aan de strenge specificaties van  
bijvoorbeeld de transportbrandstof sector.  
De eigenschappen van BO kunnen op een aantal manieren verbeterd worden. 
Modificaties aan het snelle pyrolyse proces (in-situ opwaardering als hydro-pyrolyse, 
katalytische flash pyrolyse, enz.) zijn mogelijk maar ook nabehandeling is een alternatief (post-
pyrolyse bewerkingen, b.v. hydrotreating, en menging). 
Dit proefschrift beschrijft de resultaten van oriënterende experimentele studies naar de 
opwaardering van snelle pyrolyse olie (BO). Nieuwe methoden om waardevolle chemicaliën 
en/of energiedragers te verkrijgen worden geïntroduceerd. In Hoofdstuk 1, wordt de literatuur 
over post-pyrolyse opwaardering van BO kort samengevat. De beschikbare processen kunnen 
onderscheiden worden in fysische en chemische processen. De integratie van de productie van 
vii energiedragers en chemicaliën uit BO is een aantrekkelijk concept om de economische 
aantrekkelijkheid van pyrolyse technologie te verhogen en wordt ook beschreven. 
Hoofdstuk 2 beschrijft een experimentele studie om BO katalytische te de-oxygereren 
met behulp van waterstof met als doel de energie inhoud van de olie te verhogen. Deze studie 
werd uitgevoerd in een batch reactor bij hoge drukken en temperaturen. Er is gebruik gemaakt 
van een twee-traps proces, een eerste stap bij 250-300
oC om de BO te stabiliseren en een 
tweede stap bij 300-400
oC voor verdere hydro-deoxygenering. Er zijn een aantal heterogene 
katalysatoren getest, waaronder conventionele zwavel bevattende katalysatoren als NiMo/Al2O3 
en CoMo/Al2O3 en edelmetaal katalysatoren als Ru/Al2O3.  
De experimentele condities werden gevarieerd (100 bar H2, T=250-400
oC) om de 
hoogste opbrengst van HDO olie te verkrijgen. Het laagst behaalde zuurstofgehalte in het HDO 
product was 10 wt.%, wat een aanzienlijke vermindering is in vergelijking met de ruwe BO (20 
wt.%, gebaseerd op droog product). Het verkregen HDO product met de Ru katalysator is rijk 
aan fenol en afgeleide producten. Dit zijn veelgebruikte bulk chemicaliën met hoge 
toegevoegde waarde. Dit geeft aan dat de HDO van BO een interessante route is voor zowel de 
productie van energiedragers als chemicaliën. Hoofdstukken 3 en 4 beschrijven de 
hydrogenering van BO fracties bij aanzienlijk mildere experimentele condities (40-45 bar, 30-
90
oC) dan toegepast voor het HDO proces met heterogene katalysatoren. Voor deze 
experimenten, werden homogene ruthenium katalysatoren gebruikt in vloeistof-vloeistof 
tweefase systemen. Tweefase katalyse werd toegepast om katalysator-product scheiding te 
vergemakkelijken. Het tweefasensysteem is zodanig gekozen dat de homogene katalysator 
slecht of onoplosbaar is in de te hydrogeneren BO fractie Hoofdstuk 3 beschrijft de tweefasen 
hydrogenering van een dichloormethaan oplosbare fractie van BO. De dichloromethaan fractie 
werd gehydrogeneerd met een water oplosbare homogene Ru/tri-phenylphosphine-tri-sulfonaat 
(Ru-TPPTS) katalysator. Aanvankelijk werd de hydrogenering van model verbindingen zoals 
vanilline, acetoguaiacone en iso-eugenol onderzocht. De effecten van de procesparameters 
(bijv. temperatuur, toevoeging van NaI, oplosmiddelen en pH van de water fase) op de vanilline 
omzettings snelheid werden bepaald en gekwantificeerd met een kinetische studie. Vervolgens 
werd de dichloromethaan oplosbare fractie van BO gehydrogeneerd. Analyse wees uit dat het 
zuurstofgehalte in het product aanzienlijk was verlaagd en dat in het bijzonder de hoeveelheid 
reactieve aldehyden wezenlijk was verminderd. Hoofdstuk 4 beschrijft een vergelijkbare 
benadering; behalve dat in dit geval de water oplosbare fractie van BO werd gehydrogeneerd. 
De hydrogenatie werd uitgevoerd in een tweefasensysteem met een water onoplosbare 
viii homogene Ru-katalysator (Ru/triphenylphosphine, Ru-TPP) in een a-polair oplosmiddel. In 
eerste instantie werden experimenten uitgevoerd met representatieve, in water oplosbare 
modelverbindingen zoals hydroxyacetaldehyde en acetol. De effecten van procesparameters 
(bijv. temperatuur, initiële H2 druk, en initiële substraatconcentratie) op de acetol omzettings 
snelheid werden bepaald en gekwantificeerd met een kinetisch model. Uiteindelijk werd de 
hydrogenering van de water oplosbare fractie van BO met het tweefasensysteem bij 
geoptimaliseerde condities uitgevoerd. Hoofdstuk 5 beschrijft een experimentele studie naar de 
opwaardering van BO door middel van een alcoholbehandeling gebruikmakend van het 
reactieve destillatie concept. Hier wordt de BO behandeld met een hoog kokend alcohol in de 
aanwezigheid van een zuur als katalysator bij milde temperaturen (60 
oC) en onder verlaagde 
druk (50-150 mbar). Belangrijke variabelen zoals het type alcohol (n-butanol, ethyleenglycol, 
2-ethyl-hexyl-alcohol) en het type katalysator (vloeibaar en vaste zuren) werden onderzocht en 
de producteigenschappen van de resulterende opgewaardeerde pyrolyse olie (viscositeit, 
watergehalte, pH, en calorische waarde) werden bepaald. In Hoofdstuk 6 wordt de 
azijnzuurterugwinning uit BO besproken met behulp van reactieve extractie met tertiaire 
amines. De effecten van procesvariabelen werden onderzocht en de optimale experimentele 
condities werden bepaald. Voor het geoptimaliseerde systeem werd rond 90 gew.% van het 
azijnzuur uit de BO geëxtraheerd in één enkele evenwichtstrap. Helaas is de amine ook 
oplosbaar in de BO fase, wat tot amine verliezen leidt. De oplosbaarheid van de amine kan 
worden verminderd door een tweede oplosmiddelen aan de BO fase toe te voegen. Aanzienlijk 
betere resultaten werden verkregen met de water fase van een thermisch behandelde BO. Voor 
dit systeem werd een extractie efficiency van 75 gew.% verkregen zonder amine overdracht 
naar de water fase. 
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x CHAPTER 1 
Introduction  
1.1  Introduction 
Environmental issues and the security of energy supply have stimulated interest to develop non 
fossil energy carriers and chemicals. Biomass has been identified as a promising feedstock for 
these applications. The amount of biomass used for energy generation on a world wide basis 
was estimated at 30-55 EJ/year (2003) (out of 270-450 EJ/year available) and potentially 
increases to 100-400 EJ/year in 2030 [1]. As a comparison, the total global primary energy 
consumption in 2003 was 370-400 EJ/year, of which ca. 20-25% was used in the transportation 
sector. Biomass is abundantly available and CO2 neutral. Disadvantages are the currently 
relatively high cost compared to fossil resources, the competition with food and feed and the 
large area of land required for the production of biomass [2]. Therefore, conversion processes 
with a high energy yield per hectare are required. A promising conversion technology to meet 
this requirement is flash pyrolysis.  
In the last decade, flash pyrolysis of biomass has gained large attention due to its 
ability to produce a liquid product with yields up to 80 wt% on dry biomass. The remaining 
products are char (10-20 %) and combustible gasses (10-30%) [3]. Fast pyrolysis is a medium 
temperature process (400-500
 0C) in which biomass is rapidly heated (typically less than 2 
seconds) in the absence of oxygen 
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Figure 1-1, Process flow Diagram of BTG’s fast pyrolysis process of biomass for bio-
oil production. (Courtesy of BTG B.V.) [4] 
 
Developments in fast pyrolysis technology have been impressive and the process is 
now close to full scale commercialization. For example, the latest two plants being constructed 
were a 1200 kg/hr unit of BTG/ Genting Sanyen in Malaysia and an 8000 kg/hr Dynamotive 
Plant in Canada. Several process concepts have been explored, examples are given in Table 1.1.  
 
Table 1-1. Bio-oil technology status 
Organization Country  Technology Capacity  (in  kg/h) 
BTG/KARA
1 Netherlands Rotating  Cone  200 
ENEL/Ensyn
1 Italy Circulating  Transported  bed  625 
University Hamburg
1 Germany Fluid  bed  50 
VTT/Ensyn
1 Finland Circulating  transported  bed  20 
Wellman Proc. Eng. Ltd.
 1 UK Fluid  bed  250 
BTG/ Genting Sanyen Bhd.
2 Malaysia Rotating  cone  1200 
Dynamotive 
3 Canada Fluid  Bed  8000 
Sources: 
1)[5]; 
2)
 [6]; 
3)[7] 
 
Flash pyrolysis liquid, also known as bio-oil (henceforth BO), is a dark brown liquid 
with a pungent odor. The higher heating value is about 16-19 MJ/kg, depending on the water   Introduction: A Review on Flash Pyrolysis Oil Upgrading Methods 1-3 
content. This value is about half of that of crude oil (42 MJ/kg). However, BO contains less ash 
and is easier to transport than the biomass source. Some important product properties are shown 
in Table 1.2. The product is rather acidic, contains high amounts of water and bound oxygen 
and has a relatively high viscosity. Upon storage, the oil tends to phase separate and to solidify. 
 
Table 1-2. Typical properties of wood derived BO [3]. 
Properties Typical  Value  Unit 
Moisture content  15-30  % 
pH 2.5   
Specific gravity  1.2   
Elemental analysis, dry basis     
-  C  56.4 % 
-  H  6.2 % 
-  O (by difference)  37.3 % 
-  N  0.1 % 
-  Ash  0.1 % 
HHV as produced  (25% water content)  16-19  MJ/kg 
Viscosity (at 40
oC and 25% water)  40-100  cP 
Solid (char)  0.5  % 
 
 
BO contains up to thousand chemical components that may be classified according to 
functional groups. Typical compound classes in BO are organic acids, aldehydes, ketones, 
phenolics and alcohols. A detailed composition according to compound classes and a 
quantification of the major components is shown in Table 1-3. 
 Although the higher-heating-value (HHV =16-19 MJ/kg) of BO is less than crude oil,  
BO has shown to be a valuable energy carrier and may be used for important commercial 
applications like heat and power generation [8-10]. BO has been tested in a 2.5 MWe Orenda 
Aerospace gas turbine for power generation [11]. BO produced by Red Arrow Products 
Company was co-fired in a 20 MWe coal station at the Manitowoc power station in Wisconsin. 
BO produced by BTG has also been co-fired in a 350 MWe power station in Harculo, the 
Netherlands [11]. 
Furthermore, BO as well as certain fractions and discrete components, may be used as 
replacements for fossil based chemicals. For instance, the water fraction is used as a food 
aroma (liquid smoke). Other emerging areas for BO utilization are the recovery of acetic acid, 
the use as adhesives [12], fuel enhancers and as fertilizers [13]. However, upgrading of BO is 
required for applications with have to meet stringent product requirements, like in the area of 
liquid transportation fuels. 1-4 Chapter  1 
 
Table 1-3. Compounds identified in various Bio-oils [3] 
Compound  Bio-oils  
[wt%] 
  Compound  Bio-oils  
[wt%] 
  Compound  Bio-oils  
[wt%] 
            
Acids    Alcohols    Aldehydes  
Formic (methanoic)  0.3-9.1    Methanol  0.4-2.4    Formaldehyde  0.1-3.3 
Acetic (ethanoic)  0.5-12    Ethanol  0.6-1.4    Acetaldehyde  0.1-8.5 
Propanoic   0.1-1.8    2-Propene-1-ol  -    2-Propenal (acrolein)  0.6-0.9 
Hydroxyacetic 0.1-0.9    Isobutanol  -    2-butenal  trace 
2-Butenoic (crotonic)  -    3-Methyl-1-butanol  -    2-Metyl-2-butenal  0.1-0.5 
Butanoic 0.1-0.5    Ethylene  glycol  0.7-2.0    Pentanal  0.5 
Pentanoic (valeric)  0.1-0.8          Ethanedial  0.9-4.6 
2-Me butenoic  -    Ketones       
4-oxypentanoic 0.1-0.4    Acetone  2.8    Phenols  
4-Hydroxypentanoic     2-Butenone  -    Phenol  0.1-3.8 
Hexnoic (caproic)  0.1-0.3    2-Butanone (MEK)  0.3-0.9    2-Methyl phenol  0.1-0.6 
Benzoic  0.2-0.3    2,3 Butandione  -    3-Methyl phenol  0.1-0.4 
Heptanoic  0.3    Cyclo pentanone  -    4-Methyl phenol  0.1-0.5 
      2-Pentanone  -    2,3 Dimethyl phenol  0.1-0.5 
Esters     3-Pentanone  -    2,4 Dimethyl phenol  0.1-0.3 
Methyl formate  0.1-0.9    2-Cyclopentenone  -    2,5 Dimethyl phenol  0.2-0.4 
Methyl acetate  -    2,3-Pentenedione  0.2-0.4    2,6 Dimethyl phenol  0.1-0.4 
Methyl propionate  -    3-Me-2-cyclopentene-2-ol-1-
one 
0.1-0.6    3,5 Dimethyl phenol  - 
Butyrolactone 0.1-0.9    Me-cyclopentanone  -    2-Ethylphenol  0.1-1.3 
Methyl crotonate  -    2-Hexanone  -    2,4,6 Trimethyl phenol  0.3 
Methyl n-butyrate  -    Cyclo hexanone  trace    1,2 DiOH benzene  0.1-0.7 
Valerolactone  0.2    Methylcyclohexanone  -    1,3 DiOH benzene  0.1-0.3 
Angelicalactone  0.1-1.2    2-Et-cyclopentanone  0.2-0.3    1,4 DiOH benzene  0.1-1.9 
Methyl valerate  -    Dimethylcyclopentanone  0.3    4-Methoxy catechol  0.6 
     Trimethylcyclopentenone  0.1-0.5    1,2,3  Tri-OH-benzene  0.6 
Guaiacols    Trimethylcyclopentanone  0.2-0.4       
2-Methoxy phenol  0.1-1.1             
4-Methyl guaiacol  0.1-1.9   Furans    Alkenes  
Ethyl guaiacol  0.1-0.6    Furans  0.1-0.3    2-Methyl propene  - 
Eugenol 0.1-2.3    2-Methyl  furan  0.1-0.2    Dimethylcyclopentene  0.7 
Isoeugenol 0.1-7.2    2-Furanone 0.1-1.1    Alpha-pinene  - 
4-Propylguaiacol 0.1-0.4    Furfural  0.1-1.1    Dipentene  - 
Acetoguaiacone 0.8    3-Methyl-2(3h)furanone  0.1       
Propioguaiacone 0.8    Furfural  alcohol 0.1-5.2       
     Furanoic  acid  0.4       
Syringols     Methyl  furoate  -       
2,6-DiOMe phenol  0.7-4.8    5-Methylfurfural  0.1-0.6       
Methyl syringol  0.1-0.3   5-OH-methyl-2-furfural  0.3-2.2       
4-Ethyl syringol  0.2    Dimethyl furan  -   
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Compound  Bio-oils  
[wt%] 
  Compound  Bio-oils  
[wt%] 
  Compound  Bio-oils  
[wt%] 
              
Propyl syringol  0.1-1.5             
Syringaldehyde 0.1-1.5    Misc. Oxyegnates       
4-Propenylsyringol 0.1-0.3    Hydroxyacetaldehyde 0.9-13      
4-OH-3,5-diOMe pheyl 
ethanone 
0.1-0.3   Acetol  (hydroxyacetone) 0.7-7.4       
     Methylal  -       
Sugars    Dimethyl  acetal  -       
Levoglucosan 0.4-1.4    Acetal  0.1-0.2       
Glucose  0.4-1.3   Acetyloxy-2-propanone  0.8       
Fructose 0.7-2.9    2-OH-3-Me-2-cyclopentene-
1-one 
0.1-0.5      
D-xylose 0.1-1.4    Methyl  cyclopentenolone  0.1-1.9       
D-Arabinose 0.1    1-Acetyloxy-2-propanone  0.1       
Cellobiosan 0.6-3.2    2-Methyl-3-hydroxy-2-pyrone  0.2-0.4       
1,6 Anhydroglucofuranose  3.1    2-Methoxy-4-methylanisole  0.1-0.4       
     4-OH-3-
methoxybenzaldehyde 
0.1-1.1      
     Maltol  -       
 
 
Considerable efforts have been devoted to fast pyrolysis oil upgrading and involve a 
large variety of techniques. A clear distinction can be made between in-situ upgrading 
(hydropyrolysis, catalytic flash pyrolysis, etc) and modification of the BO product by a 
subsequent treatment (post-pyrolysis upgrading). Examples of the latter are e.g. hydrotreating 
and blending with other energy carriers. With these techniques, the conversion of BO to 
products with properties close to that of conventional liquid transportation fuels comes within 
reach.  
This chapter reviews the upgrading approaches available for BO with the primary 
objective to obtain energy-carriers with improved product properties. Integrated fuel and 
chemical strategies are an attractive option to increase the economic attractiveness of BO [14]. 
Therefore, upgrading processes of BO to obtain valuable chemicals are also included in this 
overview. The overview does not cover all available literature, only generic technologies 
supported by relevant examples are provided.   
1.2  State of the art for upgrading processes for BO to obtain fuels and chemicals 
A large number of processes have been reported to upgrade fast pyrolysis oil to improve its  
product properties and to extent the range of applications in the field of energy generation and 
chemical production [10,14-18]. Upgrading technology may be classified as follows: (i) 
physical and (ii) chemical upgrading. Examples of physical upgrading are blending with 1-6 Chapter  1 
petroleum diesel using surfactants and with additives/solvents, all with the objective to improve 
the product properties [10,16]. Furthermore, typical separation processes like extraction and 
distillation are used to recover valuable chemicals [19]. Typical chemical upgrading processes 
are alcohol treatments using catalysts [20], hydro-deoxygenation and hydro-cracking [21-26].  
1.2.1  Physical Upgrading of Bio-oil 
In this paragraph, the use of physical, non reactive methods to upgrade pyrolysis oil 
with the objective to obtain chemicals and energy carriers will be summarized. Examples of 
non reactive upgrading technologies are extraction, distillation and blending with other liquid 
energy carriers. An overview of methodology and applications is given in Figure 1.1. 
 
 
Figure 1-1. Chemicals and fuels from bio-oil by physical upgrading.  
 
1.2.1.1  Non reactive upgrading processes for chemical production 
  A well known example of a physical upgrading technique to obtain chemicals is 
dilution of the BO with water to produce liquid smoke [19]. Liquid smoke is a flavoring 
foodstuff which not only gives the foodstuff a smoke flavor but also leads to the typical 
darkening of smoked food. The dark color is caused by the reaction of the carbonyl compounds 
in the liquid smoke with the foodstuff. Currently liquid smoke is made by conventional (slow)   Introduction: A Review on Flash Pyrolysis Oil Upgrading Methods 1-7 
pyrolysis. This leads to relatively low yields of the desired product and a high content of 
undesirable products like benzo-α-pyrene, a known carcinogen.  
 Underwood  et al [19,27] have patented an improved production method for an 
aqueous liquid smoke solution from BO with high production rates. The method consists of 
dilution of BO with water to achieve a partial phase separation. With this procedure and by 
using a fast instead of slow pyrolyis oil, the benzo-α-pyrene concentration in the liquid smoke 
was less than 1.0 ppb. Furthermore, the product exhibited higher contents of phenolics 
(flavoring), acids (preservatives) and carbonyls, leading to a much improved browning index. 
The latter is used as an indicator for the browning performance of liquid smoke. It was shown 
that hydroxyacetaldehyde and acetol, present in the liquid phase of the BO in large amounts, 
play an important role in the browning ability of the liquid smoke. As only the aqueous phase 
of the BO is used for liquid smoke production, the integration of this process with others that 
utilize the organic phase of BO (e.g. as an energy carrier) is very attractive.  
The production of biopitch (a viscous organic resin) from BO to substitute fossil 
pitches in electrodes has been assessed by Rocha et al [28]. It was produced by distillation of 
BO in bench-scale equipment at temperatures of 250-270
°C, a heating rate of 2-5 
°C/min and 
pressures ranging between 0.05-0.1 MPa. A 50 wt% yield of biopitch was achieved. The 
biopitch was mixed with charcoal and thermally modified to obtain electrode material. The 
electrodes from BO are structurally and chemically different from those obtained from fossil 
pitch. The oxygen content in biopitch is substantially higher (ca 20 wt%) than in fossil pitch 
(less than 2 wt%). Product properties like resistivity, Young's modulus, rupture-strength, 
density and porosity were determined and were shown to be comparable to standard materials 
made from fossil resources.  
Isolation of phenolics, either pure or a as a mixture of compounds, has been 
comprehensively investigated using a variety of separation techniques. Pakdel and co-workers 
[18,29] showed that BO derived phenolics have a wide window of applications, for example in 
leather tanning, in dyes, in thermal insulating materials and as food additives [29]. 
Liquid-liquid extraction [18], steam distillation [29] and liquid phase chromatography 
have been used for the isolation of phenolics [30]. Amen-Chen et al have investigated the 
isolation of phenolics from pyrolysis tar with the objective of recovering valuable pure phenols, 
e.g. phenol, cresols, guaiacol, 4-methylguaiacol, catechol and syringol [18]. The procedure 
consists of four steps: (1) dissolving the wood tar-derived oil (containing the desired phenols) 
in ethyl acetate; (2) addition of an aqueous alkaline solution to extract phenols by converting 1-8 Chapter  1 
them into water-soluble phenolate ions; (3) regeneration of phenols by acidification of the 
aqueous layer with sulfuric acid; and (4) recovery of a phenolic-rich fraction by ethyl acetate 
extraction of the acidic aqueous layer. Removal of phenols was more efficient under highly 
alkaline conditions.  
Murwanashyaka et al investigated the potential of steam distillation to recover syringol  
(2,6-dimethoxyphenol) from BO obtained from wood [29]. The oil was subjected to a steam 
distillation and the recovery of phenolics was studied at various steam to BO ratios. 14.9% wt 
of a volatile pyrolysis oil fraction was recovered at a steam-to-BO ratio of 27. GC/MS analysis 
of the (acetylated) distillate revealed 21.3% by wt. of phenolic compounds. The distillate was 
further fractionated under vacuum and ca. 16 sub-fractions were recovered. The steam-distilled 
fractions were found to be chemically and thermally stable when subjected to further 
purification processes. The (syringol)-rich fraction was separated and purified to obtain 
syringol with a purity of 92.3%. 
1.2.1.2  BO upgrading to liquid energy carriers by physical processing 
BO blends with alcohols have been investigated to improve the product properties and 
to make the product suitable for use in stationary and in-stationary internal combustion engines 
[20]. Methanol was found to be the most effective alcohol among others tested (ethanol and 
iso-propanol). The products showed higher homogeneity, lower viscosity, lower density and 
lower flash points and considerably higher HHV’s (high heating value). The reduction in the 
viscosity was ascribed to a stabilizing effect of the alcohols on the water-insoluble high 
molecular weight lignin-derived fraction. Alcohol addition also had a positive effect on storage 
stability and the rate of molecular weight built-up during aging was lowered. Low 
concentrations of alcohols (<5 wt %) prevented BO from aging by a few months, while higher 
alcohol content (up to 10 wt %) retarded aging by almost a year. The most interesting features 
offered by this approach are its simplicity, low cost of the alcohol and the beneficial effects on 
the product properties. Hence, alcohol addition has been suggested to be the most practical 
approach to upgrade BO  [31]. From a chemical point of view, it was found that both ester and 
acetal formation occurs (Scheme 1.1). This is also an indication that aldehydes and/or organic 
acids are responsible for the relatively poor storage stability of BO. Although product 
properties were improved, no indication was given whether the product is suitable as a 
transportation fuel.  
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Scheme 1-1. Reactions taking place during alcohol addition. 
 
Ikura et al. studied BO upgrading by blending it with diesel fuel in the presence of 
surfactants. The latter is essential because BO is immiscible with petroleum diesel [16]. Two 
commercially available surfactants (Hypermer B246SF and Hypermer 2234) were used. Both 
were applies in equal amounts and diluted with methanol in a 5:2 methanol to surfactant ratio. 
The relationship between process conditions (e.g. BO and surfactant concentration, residence 
time, power input, and temperature), emulsion stability and processing cost were determined. 
The emulsion stability was determined by measuring the stratification rate. Dominant 
parameters affecting the emulsion stability were the BO concentration, surfactants 
concentration and power input. The formation of stable emulsions required surfactant 
concentrations ranging from 0.8 to 1.5 wt%. The cetane number of the emulsions decreased by 
4 points for each 10%-wt increase in BO concentration. Emulsion viscosities, particularly in the 
10–20% bio-oil concentration range, are substantially lower than the viscosity of bio-oil itself, 
making these products very easy to handle. The corrosiveness of the emulsions is about half of 
the corrosiveness of pure BO. One of the drawbacks of this process is the high cost for 
producing stable emulsions (handling costs including the surfactant cost). However, the cost 
could be reduced to 50% when introducing a cheap surfactant from ricinoleic acid for BO-
Diesel blends. 
1.2.2  Chemical upgrading of Bio-oil 
A wide range of valuable products (i.e. chemicals, transportation fuels and fuels for 
heat and power generation) is accessible by means of chemical upgrading. In this paragraph 
upgrading processes involving a chemical reaction with or without the presence of catalysts are 
discussed.  1-10 Chapter  1 
1.2.2.1  Production of valuable chemicals from BO using chemical upgrading   
H2 generation from BO by steam reforming is extensively investigated [32-34] 
(Scheme 1-2). As hydrogen is expected to become an important future energy carrier, this route 
could become a promising way to supply hydrogen from biomass. Rioche et al studied the use 
of noble metal catalysts for reforming BO model compounds (acetic acid, acetone, ethanol and 
phenol) and actual BO. Temperatures between 650-950
°C were employed to reform model 
compounds over Pt, Pd and Rh catalysts supported on alumina and ceria–zirconia. The 
following order in catalyst activity was observed: 1% Rh-CeZrO2 > 1% Pt-CeZrO2 ~ 1% Rh-
Al2O3 > 1% Pd-CeZrO2 > 1% Pt-Al2O3 > 1% Pd-Al2O3. The use of ceria-zirconia supports led 
to higher H2 yields compared to alumina supports. 
 
-(CH2O)-
Bio-Oil 
  +   (x-1) . H2OC O x +  x . H2 > 800
oC
 
Scheme 1-2. Hydrogen production by steam reforming of BO 
 
Steam reforming of crude BO from fast pyrolysis of beech wood using the above 
mentioned ceria–zirconia supported catalysts gave similar yields of hydrogen and COx as found 
for the model compounds. A hydrogen yield above 50% was maintained over a 9 h reaction 
time using a 1% Pt-CeZrO2 catalyst and operating at a steam to carbon ratio of 5.0. The use of 
auto thermal conditions (by co-feeding oxygen) reduced the extent of carbon formation, but led 
to a significant reduction in hydrogen yield and accelerated catalyst deactivation. Further 
feasibility studies are needed to assess the economic attractiveness of this route. Finding a 
cheap and stable catalyst will be a challenging aspect. 
  A method for producing calcium salts of organic acids (Bio-Lime
TM) has been 
developed by Oehr et al [35]. The calcium salts, such as calcium acetate, calcium formate or 
calcium propionate, were obtained from the aqueous phase of phase separated pyrolysis oil. 
Distillation of this fraction afforded a distillate rich in organic acids as well as the 
corresponding esters and formaldehyde. The distillate was neutralized with a basic calcium salt 
(e.g. CaO or lime) to produce insoluble calcium salts of the organic acids. The water and 
volatile organic components were removed by evaporation leaving a solid residue consisting of 
calcium acetate, formate and propionate. An illustrative description of the process is shown in 
Figure 1-2. 
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Figure 1-2. BIO-LIME
TM process to produce calcium salts of organic acids 
 
The BioLime products are applied to remove contaminants (e.g. SO2 or NOx) from flue gas. For 
example, Steciak et al shows that calcium magnesium acetate is effective for both NOx and SOx 
removal from a flue gas of a coal fired power plant [36]. Zhang et al describes the use of 
calcium acetate solutions to impregnate coal prior to combustion to reduce sulphur emissions of 
coal fired power plants [37].  
1.2.2.2  Production of energy carriers from BO using chemical upgrading 
The production of liquid BO derived products with improved product properties for use 
in power and heat generation and in stationary and in-stationary internal combustion engines 
has been investigated by various authors. Among them, hydrotreating of BO for the production 
of hydrocarbon like products was given most attention [38-60]. The reaction, also known as a 
hydrodeoxygenation (HDO) reaction, is schematically represented in Scheme 1-3. The reaction 
has strong analogies with typical refinery hydrogenations like hydrodesulphurization (HDS) 
and hydrodenitrification (HDN). In general, most of the hydrodeoxygenation studies have been 
performed using existing hydrodesulphurization (HDS) catalysts (NiMo and CoMo on suitable 
carriers). Such catalyst need activation using a suitable sulphur source and this is a major 
drawback when using nearly sulphur-free resources like BO. 
 
-(CH2O)-   +     H2       Æ         -(CH2)-    +      H2O  
Scheme 1-3. Simplified schematic representation of hydrodeoxygenation (HDO) of bio-oil   
 
The first studies on the hydrotreatment of pyrolitic oils with the objective to reduce the 
oxygen content were performed by Elliot et al [53,61]. The reaction was performed in a bench 
scale reactor configuration consisting of two fixed bed reactors operated at 21 MPa hydrogen 1-12 Chapter  1 
pressure (Figure 1-3). Both reactors were operated in a down-flow (trickle bed) operation. The 
first reactor was operated at low-temperature (150-200
°C) and is regarded as the stabilization 
reactor. The second was operated at much higher temperatures (300-400
°C) and here the 
desired hydrodeoxygenation reaction takes place. NiMo and CoMo on γ-alumina were used as 
the hydrotreating catalysts. The deoxygenation rate was found to be dependent on the liquid 
hourly spaced velocity (LHSV) and complete deoxygenation could be achieved at a LHSV of 
ca. 0.1 hr
-1. The product properties of the hydrotreated oil like viscosity and density were 
determined and shown to be a function of the residual oxygen content. Both properties were 
lowered at higher product deoxygenation levels. Techno-economical evaluations have indicated 
that the costs of BO, hydrogen and the capital cost are the major cost factors. Surprisingly, 
catalyst costs were not included, although it has been demonstrated by many authors that 
catalyst deactivation for HDO processing may be severe, leading to high variable catalyst costs.  
 
 
Figure 1-3. A schematic representation of the bench-scale, down flow continuous-feed, 
fixed-bed reactor system for HDO of BO [61] 
 
A comprehensive kinetic study on BO hydrotreating over a wide range of operating 
conditions (350-450
°C, 50-100 bar, and weight hourly space velocities between 0.5-3.0 hr
-1) 
was performed in a trickle bed reactor using Pt/Al2O3/SiO2 and conventional   Introduction: A Review on Flash Pyrolysis Oil Upgrading Methods 1-13 
hydrodesulphurization catalysts like sulfided CoMo/A12O3, Ni-W/γ-A12O3 and Ni-Mo/γ-A12O3 
[44]. Two models, one for overall oxygen removal and the other for the compositional changes 
in the hydrotreated oil, were developed. The amount of oxygen in the product was used as the 
base for the modeling.  
Baldauf et al. studied [62]  the hydrotreatment of BO both in a thermal and catalytic 
mode (Figure 3). Thermal hydrotreatment resulted in 70-80 %wt reductions in oxygen content 
in the final product whereas > 90% deoxygenation was achieved when using catalysts. 
Depending on the severity and the water content of the feedstock, a product yield of 30-50 % 
could be achieved. The product was fractionated by distillation and it was shown that the 
product properties of the heavy fraction are close to those of a fluid catalytic cracking (FCC) 
feedstock. The light fraction had properties close to that of gasoline. 
 
Figure 1-4.  Experimental set-up used by Samolada et al. [62]. (a) Catalytic hydrotreating bench scale 
unit (1: Fixed bed reactor; 2: separator). (b) Thermal hydrotreating process development unit (PDU) (1: 
reactor; 2: hot separator; 3: cold separator) 
 
Hydrocracking of BO by HZSM-5 has been investigated by Sharma and co-workers 
[48,63-67] with the objective to increase the amount of aromatic hydrocarbons. A reactor 
system consisting of fixed-bed micro-reactors was used and operated at atmospheric pressure 
and temperatures between 370 and 410
°C. The oil was co-fed with diluents such as tetralin, 
steam and methanol. A certain amount of gas was produced, usually less than 5% wt on intake. 
At higher temperatures, over 30% wt of the oil was converted to coke. The liquid products 
separated into an organic and aqueous phase. The organic phase was distilled under vacuum 
(1.3 tor at 200
°C) for 30 min. The upgraded product contained large amounts of benzene, 1-14 Chapter  1 
toluene, xylene and other aromatic hydrocarbons. Furthermore, phenolics were present, 
however, at a level much lower than in the original BO. The concentration of phenolics was a 
function of the type of diluent used and the hydro-cracking temperature. The phenol 
concentration increased with the following order of diluent: tetralin >> steam ~ methanol; and 
decreased with increasing temperature.   
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  Table 1-2. Summary of BO upgrading methodology for chemicals and fuel production. 
No References  Product   
Category 
Process  
category 
Application Approach 
1 [20,68]  Power P
1 Gas turbine  Alcohol addition 
2 [63,66,67,69,70]  Fuel  C
1 Transportation fuel  2 stages Hydro-cracking by HZSM-5, 350-450
oC  
3 [71]  Fuel  C  Transportation  Fuel/  Gasoline 
blending 
2 stages Hydro-treating using HDS Cat. 250-450
oC, 2000 psig. 
4  [10,16]  Power  P  Stationary Diesel Engine fuel  Emulsification using surfactants. 
5 [62]  Fuel  C  Transportation  Fuel  Hydro-treating-FCC dual treatment 
6 [72]  Fuel   
Chemical 
C  Transportation Fuel/Power  Alcoholysis by reactive adsorption using molecular sieve 3A 
7 [32,73]  Chemical 
Fuel 
C H2 Steam reforming for H2 production using Ni-based catalyst or noble metal 
catalyst 
8  [74-76]  Chemical  C  Levoglucosane  Recovery by extraction.  
9  [35]  Chemical  P  Calcium salt (road de-icers) 
(Calcium formate, C. acetate, 
propionate) 
Distillation of aqueous BO to obtained acids – pH adjustment of the distillate 
using alkaline followed by water evaporation. 
10  [77]  Chemical  C  Resins and Adhesives  
Phenol Formaldehyde 
Series of liquid-liquid extraction of BO using solvents like ethyl acetate 
followed by sequential back-extraction with water and bicarbonate solution. 
11  [28]  Chemical  C  Bio-pitch, electrode manufacturing  Bio-oil-charcoal distillation in bench scale. Application as a binder in bio-
electrode. 
12 [19]  Chemical  P  Liquid  smoke  Water separation to reduce benzyl-α-pyrene to < 1 ppb 
13  [29]  Chemical  P  Syringol  Syringol (92% yield) obtained from vacuum PO by steam distillation 
14  [18]  Chemical  P  Phenol & Phenolics  Tar conversion to light oil. Phenolic compounds were further separated from 
the oil by liquid-liquid extraction using alkali and organic solvents. 
15  [78]  Chemical  C  Syngas  Bio-oil conversion to gas was 83 wt %, whereas gas production was 45 L/100 
g of bio-oil at 800
oC and a constant nitrogen flow rate of 30 mL/min. 
16 [79,80]  Chemical  C  Bio-Lime
TM Acidic pyrolysis oil is neutralized by basic alkaline earth metal compounds. 
Resulting metal carboxylates are used for flue gas treatment. 
Note: P: Physical Upgrading, C; Chemical Upgrading 
 1.3  Thesis Overview 
This thesis describes the results of exploratory experimental studies on the upgrading of 
fast pyrolysis oil. An overview of the research is given in Scheme 1.5.  The major incentive 
was to identify novel upgrading processes to improve the product properties and extent the use 
of BO as an energy carrier. The first chapter (Chapter 2) describes an experimental study on 
catalytic partial hydrodeoxygenation (HDO) of BO, with the primary objective to increase the 
energetic value of the oil by removing bound oxygen in the form of water. The process was 
carried out in two distinct stages, a first stage at relatively low temperatures (250-300
oC), aimed 
to stabilize the BO and a second stage at higher temperatures (300-400
oC) to de-oxygenate the 
intermediate product. Different types of catalysts were screened, ranging from conventional 
sulfided catalysts used in the HDS process (i.e. NiMo/Al2O3, CoMo/Al2O3) to novel non-
sulfided catalyst based on noble metal catalysts (i.e. Ru/Al2O3). Operating conditions were 
optimized to obtain the highest yield of a hydrocarbon like liquid product. The amounts and 
composition of the various reaction products (gas, organic liquid, aqueous liquid and solid char) 
were determined to allow determination of the overall mass balance. 
Chapter 3 & 4 describe experimental studies on the mild-hydrogenation (40-45 bar, 30-
90
oC) of various BO fractions using homogeneous ruthenium catalysts. A biphasic, liquid-
liquid approach was selected, and tuned in such a way that the homogeneous catalyst was 
poorly or insoluble in the BO fraction to be hydrogenated. In this way, catalyst recovery of the 
homogeneous catalyst is facilitated, allowing high catalyst turnover numbers. Chapter 3 
describes the biphasic hydrogenation of a BO fraction obtained by a dichloromethane 
extraction of pure BO in a dichloromethane-water system using a homogeneous water soluble 
Ru/tri-phenylphospine-tris-sulphonate (Ru-TPPTS) catalyst. Initially, the hydrogenation of 
model compounds for the dichloromethane fraction of BO, notably phenolics like vanillin, 
acetoguaiacone, iso-eugenol was investigated in water-dichloromethane mixtures.   
Hydrogenations were performed in a batch reactor operated at mild operating conditions (45 
bar, 40-70
oC). The effects of process parameters (e.g. temperature, NaI addition, solvents, and 
pH of aqueous phase) were determined for vanillin and quantified by a kinetic study. Finally, 
the BO fraction obtained by dichloromethane extraction was also hydrogenated in a biphasic 
system of water and dichloromethane. Analyses indicate that the oxygen content is lowered 
substantially and that particularly the amount of reactive aldehydes is reduced considerably. 
Chapter 4 discusses a similar approach, however, in this case the water-soluble fraction of BO 
is hydrogenated in a biphasic system using a water insoluble homogeneous Ru-catalyst (Ru/tri-
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phenylphospine, Ru-TPP). To gain insights in the potential of this catalyst system, initial 
experiments were conducted with representative, water soluble model compounds like 
hydroxyacetaldehyde and acetol. The reaction was performed in a batch reactor operated at 
mild operating conditions (20-40 bar, 50-90
oC). The effects of process parameters (e.g. 
temperature, initial H2 pressure, and initial substrate concentration) were investigated and for 
acetol quantified using a kinetic model. Finally, the hydrogenation of the BO water-soluble 
fraction using the biphasic system at optimized conditions was reported. 
Chapter 5 discusses BO upgrading by means of an alcohol treatment. For this purpose, the 
concept of reactive distillation was employed. The BO is treated with a high boiling alcohol in 
the presence of an acid catalyst at mild conditions. When employing this procedure, water is 
produced by reactions of the alcohol with organic acids and aldehydes in the BO. By 
continuous removal of water, the desired reactions are driven to completion, leading to 
improved product properties. Variables like the type of alcohol (n-butanol, ethylene glycol, 2-
ethyl-hexyl-alcohol) and the type of acid (liquid- and solid acids) were explored. The product 
properties of the resulting upgraded pyrolysis oil (kinematics viscosity, water content, pH, and 
heating value) and the optimum conditions were determined.  
Organic acid recovery and particularly acetic acid from BO by employing reactive 
extraction using a suitable amine is discussed in Chapter 6. The effect of process variables on 
the optimum conditions was determined.     
 
 
Figure 1-5. Overview of research activities described in this thesis. 
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CHAPTER 2 
Exploratory studies on the hydrodeoxygenation of fast pyrolysis 
liquid in a high pressure batch reactor using various heterogeneous 
catalysts 
2.1  Introduction 
Fast pyrolysis of biomass is a well-known route to produce a liquid product known as 
flash pyrolysis liquid or bio-oil (BO). Over the last decades, the activities in this field have 
been focused on process research and development with the objective to optimize the process 
and to reduce the manufacturing costs. Improved reactor and process designs have led to a yield 
of more than 70-80 wt% of BO, the remainder being gas (15 wt-%) and char (10 wt-%) [1-4]. 
BO by itself is not directly applicable as a liquid transportation fuel. The oxygen content of BO 
is significantly higher than that of conventional transportation fuels and its energy content (high 
heating value, HHV) is about half of that of conventional products (petro-diesel). Furthermore, 
BO has the tendency to polymerize upon standing, which results in an undesired increase in the 
viscosity [5,6]. In addition, due to the presence of organic acids, the pH is relatively low, 
therefore corrosion issues have to be taken into account [7]. 
Various methods have been proposed to improve the BO product properties and to make 
it suitable as a liquid transportation fuel [2,8-10]. For instance, product properties are expected 
to improve upon blending or treatment with alcohol [6,9,11]. Hydrotreatment of the oil using 
molecular hydrogen is another attractive alternative. Here, the oxygen content of the BO is 
reduced by reaction with hydrogen in the presence of a suitable catalyst. The reaction is known 
as a hydrodeoxygenation reaction (HDO), and water is one of the major by-products of this 
reaction (Eq. 1).  
 
-(CH2O)- + H2  →   -(CH2)-  + H2O            (1) 
 
Hydrotreatment processes are well established in conventional oil refinery. Examples 
are hydrodesulphurisation (HDS) and hydrodenitrification (HDN). Typical process conditions 
for these conversions are hydrogen pressures above 70 bar and temperatures in the range of 
300-400°C [12-16]. Various catalysts are applied but combinations of Co and Mo and/or Ni and 
Mo on various supports appear to be favored. HDO can be viewed as an extension of this 2-2 Chapter  2 
 
technology. Evidently, the rules of the game for hydrotreatment of pyrolysis oil will be 
different from those of conventional oil, not in the last place due to the high oxygen content in a 
typical BO. 
A number of process and catalyst studies have been reported on BO 
hydrodeoxygenation [13,17-19]. Generally, it appears favorable to perform the 
hydrodeoxygenation reaction in two separate steps, a low temperature treatment at about 200-
250°C and a more severe treatment at 350-450°C. In the first stage, very reactive compounds 
like aldehydes are hydrogenated resulting in a so-called “stabilized oil”. In the second stage, 
less reactive components (e.g. phenolics) in the matrix are converted. 
Two HDO concepts may be distinguished:  
(i)  aimed at full hydrodeoxygenation of the pyrolysis oil, and  
(ii)  aimed at partial hydrodeoxygenation of the pyrolysis oil 
In case of full HDO, the objective is to produce oil with oxygen content less than 1% or, in 
other words, a hydrocarbon type of product. This product is expected to resemble the product 
properties of conventional fossil oil or its derivatives. The main drawback of full 
hydrodeoxygenation process is the high hydrogen consumption. Elliot has reported hydrogen 
consumptions of 340-700 Nm
3 H 2/t of oil [20,21]. To reduce the variable hydrogen costs, 
partial hydrodeoxygenation may be an attractive alternative [8,22]. Here, the objective is to 
produce a stabilized oil with a heating value higher than the original BO but not necessary with 
a large reduction in the oxygen content (partial hydrodeoxygenation). In this way, product 
properties can be improved without the use of large amounts of hydrogen. 
This chapter reports an exploratory study on the partial-HDO of BO. The objectives for 
this study were as follows: 
a.  Performing an exploratory catalyst screening studiy to select a promising catalyst 
with respect to activity and stability 
b.  Performing process studies using the selected catalyst to determine optimum 
performance of the catalyst with respect to process conditions like temperature, 
pressure and reaction time and to identify possible bottlenecks 
c.  Determination of the final product properties and to gain information on the 
compositional changes due to the HDO treatment.    Hydro-deoxygenation of Bio-oil  2-3  
 
2.2  Experimental 
2.2.1  Reactor set-up 
BO was hydro-deoxygenated in a dedicated 100 ml batch autoclave set-up (Buchi AG, 
CH Utser) equipped with an electrical heating system. The system can be operated at pressures 
up to 350 bar and temperatures up to 450
oC. The temperature in the reactor is programmable 
using a temperature controller. The system is stirred with an overhead stirrer equipped with a 
Rushton type gas inducing-impeller. Gas cap sampling is possible during the reaction. A 
pressure and temperature measuring device are present to log the pressure and temperature as a 
function of time. An overview of the set-up is given in Figure 2-1. 
 
Computer Computer
Figure 2-1. Schematic representation of the batch HDO set-up 
 
2.2.2  Typical hydrodeoxygenation experiment 
Crude BO (25 g) and a pre-determined amount of catalyst were (1.25 g) charged to the 
autoclave. The autoclave was closed and purged three times with nitrogen to remove all 
oxygen. Subsequently, the autoclave was pressurised with hydrogen gas to 100 bar at room 2-4 Chapter  2 
 
temperature. The temperature inside the reactor was programmable and the following sequence 
was applied: 
1.  heating to 1
st stage temperature (T1) 
2.  isothermal operation at T1 for a time tR1  
3.  heating to 2
nd stage reaction temperature (T2) 
4.  isothermal operation at T2 for a time tR2 
5.  cooling to room temperature 
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Figure 2-2. Typical P-T profile for a HDO reaction 
tR2
tR1
T2 T1
 
When using this procedure and an initial pressure of 100 bar at room temperature,  the 
corresponding hydrogen pressure at 400C was about 200 bar (See Figure 2-2). After reaction, 
the reactor was cooled to room temperature and the final pressure was recorded. A sample to 
determine the gas cap composition was taken using a gasbag and analysed by GC. 
Subsequently, the autoclave was depressurized to atmospheric pressure. The liquid product was 
collected, weighted and subjected to various analyses.  
From experiment 32 onwards, special precautions were taken to accurately determine the 
mass balance before and after the reaction. After cooling down and depressurising the reactor to 
room temperature, the liquid content of the reactor was collected. The remaining oil, catalyst 
and char in the reactor were slurried into about 50 ml of acetone. The solids were collected by   Hydro-deoxygenation of Bio-oil  2-5  
 
filtration. The acetone in the filtrate was allowed to evaporate overnight. The amount of 
acetone insoluble (char) formed during reaction was calculated from the amount of solids 
isolated minus the catalyst intake.  
2.2.3  Fractionation of a HDO-oil 
2.43 gr of typical HDO oil (experiment 32) was subjected to a distillation under 
(reduced) pressure using a standard 1 stage distillation set-up. Three fractions were collected. 
The 1
st fraction was recovered at 50-100
oC and atmospheric pressure, the 2
nd at 100-110
oC and 
200 mbar and the 3
rd fraction at 100-150
oC and 75-90 mbar. The fractions were weighed and 
analysed (elemental composition and GC/MS). 
2.2.4  Materials 
Catalysts. The following catalysts were applied: CoMo on Al2O3 (C1) and NiMo on 
Al2O3 (C2), 5% Platinum on activated carbon (Pt/C, Across organics) and 5% Ru on alumina 
(Sigma Aldrich). The NiMo and CoMo catalysts were supplied in its active, sulphidised form 
and were crushed before a hydrogenation experiment. 
 
Table 2-1. Properties of the crude Bio-oil used in this study 
Properties Value  Unit 
Viscosity at 40
oC 17.4
  cPs 
pH 2.5   
Elemental composition (wet basis)     
C 50.9  %-wt 
H 7.7  %-wt 
N 0.2  %-wt 
O (by differences)  41.2  %-wt 
High Heating Value (HHV)  20.8  MJ/kg 
Low Heating Value (LHV)  19.1  MJ/kg 
Water content  30.0  %-wt 
 
 
Reactants. The main reactants were crude BO and hydrogen. Crude BO originating from 
beech wood was kindly provided by the Biomass Technology Group (BTG). All experiments 
were carried out with the same batch of BO. Various product properties of the oil were 2-6 Chapter  2 
 
determined and are summarized in Table 2-1. Hydrogen gas was supplied by Hoek Loos 
and was > 99,9 % pure.  
2.2.5  Analytical methods 
2.2.5.1  Water content  
The water content in the crude BO was determined by Karl Fischer titration using an 
Applicon Titrino 758 titration device. The titrations were performed using the Karl Fischer 
titrant Composit 5K (Riedel de Haen) and Hydranal (Karl Fischer Solvent, Riedel de Haen) as a 
solvent.  
Elemental compositions (C, H, N) were determined using an elemental analyser (Flash 
EA 1112, CE Instruments). The oxygen content cannot be determined directly and was taken 
as the difference. The elemental composition of the BO was used to calculate the high heating 
value (HHV) and the low heating value (LHV) using Eq. 2 [23] and Eq. 3 [24]. 
  
1000
)
8
O
1442.8x(H 338.2xC
HHV
− +
=   in MJ/Kg  (2) 
(0.218xH) HHV LHV − =   in MJ/Kg  (3) 
 
With: 
C = carbon content in the sample (%-wt) 
H = hydrogen content in the sample (%-wt) 
O = oxygen content in the sample (%-wt) 
2.2.5.2  Viscosity 
The viscosity of the samples was measured using a cone and plate rheo-meter (TA 
instruments, AR-100 N). A temperature ramp (20–140
oC) was applied to obtain the viscosity as 
a function of the temperature. The shear rate was set at a fixed value of 30 s
-1. 
GC/MS was applied to identify the various components present in the treated BO 
samples. The analyses were performed on a HP5890 equipped with a Quadrupole MS. The GC 
was equipped with an AT5MS column of 30 m, 0.25 mm diameter and a 0.25 μm film 
thickness. A 1mL/min flow rate, a split ratio of 1:100 (except for crude BO: splitless) and 0.5 
μL of undiluted sample was applied.   Hydro-deoxygenation of Bio-oil  2-7  
 
The gas-cap composition after a reaction was determined using gas 
chromatography at BTG. A Shimadzu GC-14B equipped with a TCD detector and a mol sieve 
column operating at 20-110 
oC (for detection of CO, CH4 and H2) and a Poraplot column 
operating at 110-200 
oC (for detecting CO2 and light hydrocarbons) was applied.  
NMR was used to gain insights in the overall composition of the HDO oil. 
1H and 
13C- 
NMR spectra were recorded on a 200 MHz NMR (AMS100, Varian). The samples were 
dissolved in CDCl3. Typically, 4800 scans were carried out for 
13C-NMR spectra. The spectra 
were referenced to TMS. 
 
2.3  Results and discussion 
2.3.1  Catalyst screening studies 
Various catalysts have been reported for the hydrodeoxygenation of a range of 
pyrolysis oils derived from different types of biomass [13,14,17,25-31].  Of these, classical 
hydrotreatment catalysts from the petrochemical industry like Co-Mo on Al2O3 (CoMo) and Ni-
Mo on Al2O3 (NiMo) have shown to be the most promising [13]. However, these catalysts also 
have some serious drawbacks like the prerequisite of the presence of sulphur in the feed for 
optimal performance. BO is essentially sulphur free and the (undesired) addition of sulphur 
containing compounds appears to be essential for optimum performance [32]. 
  In this study two commercially applied hydrotreatment catalysts (CoMo and NiMo on 
alumina) were applied. Some potentially interesting noble metal catalysts on a supports (Pt/C 
and Ru on Al2O3) were tested as well. The latter catalyst was selected as ruthenium is known to 
be a very versatile catalyst for the reduction of all types of oxygen containing organic 
molecules (aldehydes, ketones, esters and acids) [33]. For all experiments, a fixed 
catalyst/crude BO ratio of 5%-wt was applied. To eliminate possible mass transfer effects, the 
CoMo and NiMo catalysts were crushed into a powder before use. The HDO experiments were 
carried in two stages, each at a different temperature and pressure level. In the first stage, 
relatively mild conditions were applied (175-300°C and 100-130 bar). According to the 
literature [15,19], this stage is essential and the amount of very reactive compounds in the 
mixture (i.e. aldehydes) are reduced, reducing the possibility of polymerisation and a 
concomitant increase in the viscosity of the mixture. Severe conditions of 200-220 bar and 
400°C are applied in the second phase. Here, the hydrodeoxygenation reaction is expected to 2-8 Chapter  2 
 
occur to a significant extent. The experimental conditions for the screening experiments are 
given in Table 2-2. 
 
 Table 2-2. Experimental conditions for the screening experiments 
Catalyst  CoMo/Al2O3 NiMo/Al2O3 Ru/Al2O3
Exp number  20 18  44 
T1, 
 oC  250 250  300 
tR1, min.  60 60  15 
T2, 
oC  400 400  400 
tR2, min.  60 60  180 
Po,H2, bar  100 100  100 
Preactor, at Rtend, bar  40 (at 53
oC) 65  (at  30
oC) 55  (39
oC) 
 
 
Typically, the product of a hydrogenation experiment consists of two immiscible 
liquids, a gas phase containing CO2 and hydrocarbons and a solid residue containing the 
catalyst and some char. One of the liquid layers is rich in water, the other in organics. 
Depending on the experimental conditions, the top liquid layer either consists of the organic or 
the water phase. At higher deoxygenation levels, the top layer is the organic layer (Figure 2-3). 
This effect may be rationalised by taking into consideration that the density of crude BO (ca. 
1.2 g/ml) is higher than that of water and is expected to decrease upon hydrotreatment due to an 
increased hydrocarbon character of the oil. The two liquid layers were separated and analysed.    Hydro-deoxygenation of Bio-oil  2-9  
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Figure 2-3. Appearance of the liquid phase at several reaction times  
 
The oxygen content of the organic layer is taken as a measure of catalyst performance. The 
results of the screening experiments are given in Figure 2-4.  
  The crude BO applied in this study contains 41.2 wt% oxygen, corresponding to about 
20.76 wt% on a dry base. The NiMo catalyst gave the highest reduction in the oxygen content, 
i.e. from 20.7 wt% in the crude BO to 9.42 wt% in the hydrotreated oil. The CoMo catalyst 
gave a HDO oil with an oxygen content of 11.94 wt%. The Ru/alumina catalyst showed also 
promising results and a reduction to 14.40 wt% oxygen was achieved, although a significantly 
longer reaction time was applied compared to NiMo and CoMo. 
The average activity of the NiMo catalysts was about 0.20 mol H2 per g cat per h, 
corresponding to about 5.94 g bio oil/ g cat per h. Details about the calculation procedure are 
given in Appendix 2, an overview of the results is given in Table 2-3.  
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Figure 2-4. Oxygen content after HDO reaction for 3 different catalysts.   
Conditions: Po,H2= 100 bar, T1=250
oC, Rt1=60 min, T2=400
oC, Rt2=60 min. Note: 
for Ru/Al2O3, conditions: (Exp. 44) T1=300
oC, Rt1=15 min, T2=400
oC, Rt2=180 min. 
 
Table 2-3. Average Turn Over Frequency of the HDO catalyst tested in this study 
Catalyst  condition  Average Turn Over Frequency  Unit 
NiMo 1  0.20  Mole  H2 . gr cat
-1.hr
-1
CoMo 1  0.12  Mole  H2 . gr cat
-1. hr
-1
NiMo 2  0.09  Mole  H2 . gr cat
-1.hr
-1
Ru 2  0.11  Mole  H2 . gr cat
-1.hr
-1
1.  Po,H2= 100 bar, T1=250
oC, Rt1=60 min, T2=400
oC, Rt2=60 min 
2.  Po,H2= 100 bar, T1=300
oC, Rt1=15 min, T2=400
oC, Rt2=180 min. 
  
On the basis of the favourable catalyst activity for NiMo, it was decided to focus further 
process studies on this catalyst. 
   Hydro-deoxygenation of Bio-oil  2-11  
 
2.3.2  Process studies; optimizing the operating conditions for the NiMo catalyst 
Process conditions like temperature, pressure and the reaction time for the first and 
second stage of the hydrotreatment process are expected to have a substantial effect on the 
deoxygenation levels. A number of experiments using the NiMo catalyst have been performed 
to assess the effect of these process parameters on the oxygen content of the final sample. An 
overview of the experiments is given in Appendix 2. The experiments were in two stages, a 
stabilisation stage at about 200-300°C and a second stage at more severe conditions (350-
400°C). A reference experiment (exp 24), performed at the conditions given below, was 
selected. 
 
•  T1 :    250°C 
•  tR1:   15  min 
•  T2:   400°C 
•  tR2:   15  min 
•  PH2,0:    100 bar (T= 25°C) 
•  PH2,400C:   200 bar  
 
Using these conditions, HDO oil with an oxygen content of 16.9 wt% was obtained. 
The effect of the first stage reaction time (tR1), the first stage temperature T2 and the second 
stage temperature (tR2) were examined systematically.  
2.3.2.1  Effect of 1
st stage reaction time (tR1) 
 Increasing  tR1 from 15 minutes to 1 hour did not give a significant effect on the oxygen 
content of the final (liquid) product. The oxygen content was even slightly higher, although not 
statistically significant when going from 15 min (16.9 wt%) to 60 min, (18.3 wt%) (see Figure 
2-5). These findings imply that the reactions taking place in 1
st stage are relatively fast and that 
exceeding 15 minutes of reaction time is not required. 2-12 Chapter  2 
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Figure 2-5. Oxygen content of products at different 1
st stage reaction 
times. Conditions: Catalyst: 5%-wt NiMo/ Bio-oil, T1= 523 K, 
T2=673 K, RT2=15 min. 
 
2.3.2.2  Effect of 1
st stage temperature (T1) 
  The first stage temperature was increased from 250°C to 300°C while other process 
parameters were kept constant. The hydrogen uptake and the gascap composition were analysed 
(Table 2-4).  
  Comparing both experiments, it is evident that the gascap compositions are essentially 
identical. This indicates that most of the first stage reactions occur at a relatively high reaction 
rate and that a temperature of 250°C and a reaction time of 15 minutes seems sufficient in the 
first stage.   
2.3.2.3  Effect of 2
nd stage reaction time (tR2) 
  The reaction time for the second stage of the hydrotreatment process was varied from 
15 to 180 minutes while keeping the other conditions equal to those applied in the reference 
experiment  (vide supra). Figure 2-6 shows that the oxygen content of the HDO product 
decreases till about 10 wt% after 60 min and remains constant at longer reaction times. Further 
reduction of the oxygen content, could not be achieved with these conditions. This suggests that 
the desired hydrodeoxygenation reaction stops after about 60 min. The same trend is observed   Hydro-deoxygenation of Bio-oil  2-13  
 
when comparing the hydrogen uptake; the uptake after tR2=60 min is within the experimental 
error equal to the value at 180 min. Although speculative at this stage, it could be related to 
catalyst deactivation. 
 
Table 2-4. Gas cap analysis for 1
st stage temperature experiments 
Operating Conditions  E-30  E-29 
tR1, min  15  15 
T1, 
oC  300 250 
tR2, min  60  60 
T2, 
oC 400  400 
Gas Composition       
H2, %-vol  24.8%  27.3% 
CH4, %-vol  44.9%  43.3% 
CO, %-vol  1.3%  1.3% 
CO2, %-vol  20.1%  19.8% 
C2H4, %-vol  0.4%  0.4% 
C2H6, %-vol  5.1%  5.7% 
C3H6, %vol  1.1%  1.0% 
C3H8, %-vol  2.3%  2.7% 
Total 100%  100% 
H2 Consumption,  
N.liter H2 /kg dry bio-oil 
358.3 342.8 
 
 
It is well known that the NiMo catalyst requires a constant supply of sulphur to maintain its 
activity, e.g. originating from the feed. However, pyrolysis oil contains no sulphur. In addition, 
several studies have pointed out that water may also have detrimental effect on the stability of 
the NiMo catalyst [34-36]. Significant amounts of water are present in the crude BO and more 
is produced during the reaction, which might have a negative effect on catalyst stability. 
Furthermore, it cannot be excluded that a high molecular weight solid product (char) is formed 
during the reaction which may result in severe catalyst deactivation due to pore blocking. One 
surprising observations was made. The reaction product obtained after tR2 60 minutes consisted 
of two immiscible liquids with the HDO oil as the bottom layer, whereas for the sample takes at 
tR2 = 180 min, the hydrocarbon rich layer was at the top layer. These findings suggest that, 2-14 Chapter  2 
 
besides the hydrodeoxygenation reaction, cracking reactions may take place as well, leading to 
a change in the product composition and as such a change in the density of the product. Gas cap 
analysis (Table 2-3) reveals that the amount of saturated hydrocarbons in the gas cap like 
ethane and propane are significantly higher when performing the reaction at tR2 = 3 hr, an 
indication for the occurrence of cracking reactions. 
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Figure 2-6. Oxygen content of samples as a function of 2
nd stage reaction time (dry 
basis). Conditions: Catalyst: 5%-wt C1/ Bio-oil, T1= 523 K, tR1=60 min T2=673 K. 
Note: at tR2 =3h, T1=300°C, tR1 = 15 min. 
  
2.3.2.4  Product distribution  
Hydrotreatment of pyrolysis oil is known to produce gaseous compounds, liquid 
products and often a solid residue (char). The gas phase often contains oxygenated 
hydrocarbons like CO and CO2 and also saturated hydrocarbons like methane and higher 
analogues have been reported [37]. The gas cap compositions for the various experiments 
performed with the NiMo catalyst are given in Table 2-5.  
   It shows that a mixture of gases, consisting of among others methane, carbon dioxide 
and to a lesser extent CO and higher hydrocarbons, are formed during the hydrodeoxygenation 
reaction. In all cases, hydrogen is still present in the gas phase after termination of the reaction, 
a clear indication that the reactions were not performed under hydrogen starvation conditions.   Hydro-deoxygenation of Bio-oil  2-15  
 
Large amounts of carbon dioxide were formed, ranging from 12-25.2%. This compound may 
be formed by decarboxylation of carboxylic acids as has been shown recently by Adjaye et.al. 
[38]. Carbon loss to the gas phase in the form of CO2 and methane and higher hydrocarbon 
analogues is promoted at longer reaction time. The higher hydrocarbons may be formed by 
cracking reactions of larger molecules (vide supra). 
 
Table 2-5 Gas cap composition for NiMo experiments 
Run  No.  23 24 26 32 
tR1, min 60 15 60 15 
T1, 
oC  250 250 250 300 
tR2,  min 15 15 30  180 
T2, 
oC  400 400 400 400 
Gas  Composition      
H2, vol-% 70.5 75.7 79.1 33.2 
CH4, vol-% 8.9 5.8 6.7  31.9 
CO, vol-% 0.9 0.6 0.3 0.7 
CO2, vol-% 17.4 15.3  12 25.2 
C2H4, vol-% 0.2 0.6 n.a 0.3 
C2H6, vol-% 1.1 0.9 1.1 5.1 
C3H6, vol-% 0.4 0.5 0.4 0.8 
C3H8, vol-% 0.6 0.5 0.3 2.8 
      
Total, vol-% 100 100 100 100 
 
Mass balances for a number of selected experiments (exp 31, NiMo and exp. 44 for Ru 
on alumina) were performed on the basis of the gas cap composition and the weight of the 
liquid and solid phase. The results are schematically presented in Figure 2-7. The calculation 
procedure is given in Appendix 1.  
For the NiMo catalyst, a proper mass balance could be obtained (94 wt% recovery). 
The amount of HDO oil formed is about 8.16 g, corresponding to a yield of 33 wt% on wet BO 
and 47 wt% on a dry BO base. The amount of the aqueous phase is slightly higher than that of 
the HDO oil. The aqueous layer does not only consist of water as indicated by the pH. The pH 
varies between 3 and 3.2, suggesting the presence of significant amounts of acids. Elliot et al. 
reported that about 5-10 wt% of carbon may be present in the aqueous phase. A small amount 
of char could be isolated (0.9 g) [39]. The weight of the gas cap was estimated ca. 3.3 g. This 
means that about 13 wt% of the original BO is converted into gas phase components, which is 
in the range as reported in the literature. On the basis of these data, the energy efficiency for the 
conversion of (wet) pyrolysis oil to HDO oil is ca. 62 % (see Appendix 1 for calculation 
details).  2-16 Chapter  2 
 
  Slightly different results were obtained using the Ru on alumina catalyst. Here, the gas 
phase is depleted in hydrogen (full conversion) and the gas phase composition is markedly 
different from that for NiMo. Especially the amount of CO2 and methane are more than a factor 
of three higher. Whether this is caused by the absence of hydrogen at the end of the reaction or 
is an intrinsic feature of the system, needs to be established in further studies. However, it is 
clear that the Ru catalyst has potential, not in the last because the presence of sulphur in the 
feed is not required.   
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Figure 2-7. Mass balances for the hydrodeoxygenation process.  (a) using NiMo/Al2O3 (Note: mass-
balanc are not equal to 100%-wt due to the work-up losses); (b) using Ru/Al2O3
 
  The hydrogen uptake for both experiments was calculated from the gas phase 
composition and the initial and final reactor pressure (Appendix 2) and was found to be about 
0.25 mole, corresponding with 230 Nl/kg wet BO for NiMo (exp 31) and 0.3 mol for Ru on 
alumina (exp 44, 270 N.liter/kg wet BO). Research by E.G. Baker et .al using a CoMo/Al2O3 
catalyst in a single stage continuous reactor (temperature zones of 390 and 302
oC) reported a 
H2 consumption of 498 L/L  feed BO, corresponding  to about ~ 400 L/kg feed of BO. 
2.3.3  Product Propeties 
  Several product properties of the HDO oil derived from experiment 32 (NiMo catalyst, 
see Table 2-5 for conditions) were determined. These included the viscosity, high heating value 
and the water content. The results are given in Table 2-6.    Hydro-deoxygenation of Bio-oil  2-17  
 
  The viscosity of the HDO oil is higher than the original pyrolysis oil (50.5 cP vs 17.4 
cP). The viscosity of (treated) pyrolysis oils are known to be a function of the oxygen content, 
see Figure 2-8 for a representation [40]. According to these findings, the viscosity of the 
untreated pyrolysis oil with an oxygen content of about 41% should be lower than the treated 
HDO-oil with an oxygen content of 10.5 wt% and this is indeed the case. For certain 
applications, this product viscosity may be on the high side. When this is the case, deeper 
hydrodeoxygenation or blending with other energy carriers will be required to reduce the 
viscosity .   
  The water content in the HDO oil with a oxygen content of 10.5 wt% was determined 
to be about 2 wt%, which is substantially lower than the original pyrolysis oil (30 wt%).  
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Figure 2-8. Viscosity of (treated) pyrolysis oil as a function of the oxygen content 
 
The elemental composition of the (treated pyrolysis) oils allows calculation of the HHV and 
LHV of the samples. The HHV of the hydrotreated sample derived from exp. 32 was about 39 
MJ/kg, which nearly twice as high as the value for untreated pyrolysis oil. These values are 
close to those for standard diesel (45.3 MJ/kg) and FAME (40.5 MJ/kg), see Table 2-6. 
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Table 2-6. Properties comparison between crude bio-oil, HDO oil, diesel No.2, Fatty acid 
methyl ester (FAME). HDO oil produced at: T1=300 
oC, RT1=15 min, T2=400
oC, RT2=3 hr 
Properties HDO  oil 
(exp 32) 
Bio-oil Diesel 
ASTM D975 
FAME (Bio-diesel) 
ASTM D975
1
Viscosity at 40
oC (in cP)  50.5  17.4  1.1-3.4  1.7-5.3 
Elemental analysis (in %-wt) 
•  C 
•  H 
•  N 
•  O
2 
 
79.6 
9.5 
0.4 
10.5 
 
50.90 
7.70 
0.2 
41.20 
 
87 
13 
- 
- 
 
77 
12 
- 
11 
HHV (MJ/kg)  39  21  45.3  40.5 
LHV (MJ/kg)  37  19.3  42.2  38 
Moisture (%-wt)  2.1  30  -  0.05 max 
Note:
1)NREL sources,  
2) by differences 
 
2.3.4  Fractionation of HDO oil 
  A typical HDO oil (exp 32), prepared using the NiMo catalyst, was subjected to a 
fractionation procedure to obtain products with an increased hydrocarbon character, and as such 
more closely resemble conventional transportation fuels. The properties of the crude HDO oil 
are given in Table 2-6. Three fractions were collected: 
 
•  Fraction 1:   bp range 50-100°C, 1 atm  
•  Fraction 2:  bp range 100-110°C, 200 mbar   ( ~ 155 – 160
oC (@ 1 atm) 
•  Fraction 3:  bp range 100-150°C, 75-90 mbar ( ~ 175 – 240
oC (@ 1atm) 
 
These boiling points may be compared with those of other (conventional) transportation fuels: 
 
•  Gasoline
1:   bp range < 260
oC (ASTM D3710-95) 
•  Diesel#2
2:  bp range 188-343 (ASTM D975)   
•  FAME
2:  bp range 182-338 (ASTM D6751) 
 
It may be concluded that the boiling point range of fraction 3 is in the range of that of 
diesel and FAME. All fractions were obtained as colourless-slightly yellow liquids. However, 
upon standing in contact with air, the samples turned purple and subsequently dark brown.   Hydro-deoxygenation of Bio-oil  2-19  
 
These observations imply that product oxidation occurs rapidly, for instance, the oxidation of 
substituted phenols to highly coloured quinones [41]. The elemental composition of the various 
fractions was determined by elemental analyses and the results are given in Table 2-7.  
 
Table 2-7. Elemental composition of the various distillation fractions  
Fraction C 
(%-wt) 
H 
(%-wt) 
N 
(%-wt) 
O
1
(%-wt) 
HHV  
(MJ/kg) 
LHV  
(MJ/kg) 
H/C 
(m/m) 
HDO oil  79.6  10  0.16  10.3  39.44  37.27  1.5 
F1 73.3  11  0.38  15.3  37.85  35.46  1.8 
F2 78.9  9.7  0.24  11.2  38.57  36.47  1.5 
F3 78.8  9.5  0.35  11.3  38.36  36.28  1.5 
F4-residue
1 81.0 10.0 0.05  8.9 40.24 38.06 1.5 
FAME
2 77.0  12.0 n.a 11.0  40.56  36.95  1.8 
Diesel
2 87.0 13.0  n.a  0  44.91 43.36 1.8 
Gasoline
3 85.0 15.0  n.a  0  50.39 47.12 2.1 
1.  (by difference) 
2.  Source: US, Department of Energy, “Bio-diesel Handling and use guidelines”, NREL. 
3.  “Alcohols: A Technical Assessment of Their Application as Motor Fuels,” API Publication No. 
4261, July 1976.[42]  
 
Evidently, only the elemental composition of fraction 1 is significantly different from that of 
the original HDO oil. The carbon content is about 73.3 wt%, which is about 5-6 wt% lower 
than the original HDO-oil and fraction 2 and 3. Although not proven, this relatively low carbon 
content is likely caused by an accumulation of the amount of water in the first distillation 
fraction. 
A mass balance for the distillation was prepared and it turns out that about 40%wt of 
material were collected as fractions 1, 2 and 3. Distillation losses and a large amount of 
distillation residue account for the remaining 60 wt %. Optimisation in a dedicated distillation 
set-up at larger scale will be required to gain further insights in the potential of fractionation.  
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Figure 2-9. Mass balances for the fractionation of typical HDO oil.  
F1= 10.3 % 
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2.3.5  Product analyses on a molecular level  
To gain insights in the reactions occurring during the HDO process, the product was 
analysed using NMR, FT/IR,GC and GC/MS). An overview of the analyses performed is 
provided in Table 2-7. 
 
Table 2-7. Overview of analysis performed on the various samples  
NMR 
Samples 
1H 
13C 
GC/MS  FTIR 
Exp 18      X  X 
Exp 20  -  -  -  X 
Exp 32  X  X  X   
Exp 32_Fraction 01  -  -  -  - 
Exp 32_Fraction 02  -  -  X   
Exp 32_Fraction 03  -  -  X   
 
It is well known that pyrolysis oil is a multi-component mixture in which at least 400 different 
types of organic compounds are present. This is clearly illustrated by a GC/MS spectrum of a 
typical BO (Figure 2-10).    
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Figure 2-10. GC/MS spectrum of a crude bio-oil  
 
It is of interest to compare this spectrum with that of a typical HDO oil (Figure 2-11).  
 
 
 
Figure 2-11. GC/MS Spectrum of HDO oil (exp 32) 
 
As expected, the composition of the HDO oil is significantly different from the original 
starting oil. The presence of some key components in the original BO and the HDO-oil were 
compared and the results are given in Table 2-8. Clearly, some of the phenolics, aldehydes and 2-22 Chapter  2 
 
acids are converted during the hydrodeoxygenation process. These results should be interpreted 
with some reservation as the GC/MS component library is not 100% reliable.  
NMR has proven to be a very versatile technique for identification of organic 
molecules, even in complex mixtures. Typical 
1H- and 
13C-NMR spectra of HDO oil are given 
in Figures 3-12 and 13.  
 
Table 2-8. Overview of key components present in 
BO and HDO oil 
Key component  Bio-oil  HDO Oil 
Acetic acid  v  x 
Hydroxyacetaldehyde v  x 
3-hexanone v  x 
2-butanone x  v 
1,2,3-trimethyl cyclopentene  x  v 
2,6-dimethoxy phenol  v  x 
3-methoxy phenol  v  x 
2-methyl cyclopentanone  x  v 
5-ethyl cyclopentanone  x  v 
1,2,4-trimethyl benzene  x  v 
2-propenyl benzene  x  v 
Phenol v  v 
   Note: v: present; x: not-present 
 
Although highly complex in nature, these spectra do provide a lot of information. For 
instance, it allows an estimation of the aliphatic and aromatic carbon and hydrogen present in 
the samples, which is expected to be an important product feature (c.f. fossil transportation 
fuels). In addition, the 
13C-NMR spectra clearly show the presence of acid and ester groups at 
around 170-180 ppm, a clear indication that some of the compounds belonging to this product 
class are not hydrogenated or hydrodeoxygenated.  
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Figure 2-12. 
13C-NMR spectrum of HDO oil (exp 32) 
 
 
Figure 2-13. 
1H-NMR spectrum of HDO oil (exp 32) 
 
The full potential of NMR to gain information on the nature of HDO oils needs to be 
explored but is evident that it could become a powerful tool to obtain information on a 
molecular level which might be translated into interesting product properties.  
We have also explored the differences in chemical composition of the various fractions 
obtained by fractionation of a HDO sample (see section 2.3.4). The fractions (F2 and F3) were 
analysed with GC/MS and the results are given in Figure 2-14. Again these spectra indicate that 
the various fractions consist of numerous organic compounds. The main components identified 
in the mixture were substituted alkyl substituted phenolics like trimethylphenol, 
dimethylphenol, iso-propylphenol and isomers thereof and some small ketones. 
 2-24 Chapter  2 
 
 
 
Figure 2-14. GC spectrum of fractionated HDO oil. F2 (top); F3 (bottom). 
 
2.4  Conclusions 
This chapter describes an experimental study on the hydrodeoxygenation of pyrolysis oil 
using heterogeneous catalysts with the objective to produce an oil with product properties in the 
range of conventional liquid transportation fuels. Various catalysts and process conditions have 
been explored and the main (HDO oil) and byproducts (gases and char) have been quantified. 
The product properties of the HDO oil have been explored and compared to those of 
conventional transportation fuels. The following conclusions may be drawn: 
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•  Catalyst screening studies 
1.  Severe conditions (temperatures up to 350-425°C) are required to obtain decent 
hydrodeoxygenation activity. 
2.  Of the classical hydrotreating catalysts, pre-sulphidised NiMo on alumina is a more 
active catalyst than pre-sulphidised CoMo on alumina.  
3.  Ru on alumina appears to be an interesting alternative catalyst as no sulphur is 
required in the feed. 100% hydrogen conversion in batch experiments was 
observed. 
 
•  Process studies on the NiMo catalysts indicate that 
1.  HDO oil with an oxygen content of 10 wt% could be obtained 
2.  There is a strong indication for excessive catalyst deactivation, either due to the 
presence of water, the absence of sulphur or pore blocking by char formation. As a 
consequence, HDO oil with oxygen contents below 9 wt% could not be obtained 
3.  A first stage reaction time of 15 minutes is sufficient 
4.  The product package consists of a gas, two liquid phases and a small amount of 
char. The gas phase consists mainly of CO2, methane and higher hydrocarbons. 100 
g of crude pyrolysis is converted to 34 g of HDO oil, 42 g of an aqueous phase, 13 
g of gas and about 4 g of char using the NiMo catalyst. The energy efficiency of 
the process is about 62%. 
   
•  Product properties 
1.  The HDO oil produced with the NiMo catalyst has a HHV of about 39 MJ/kg, 
which is about twice of that of a crude pyrolysis oil and close to the values for 
FAME. 
2.  Fractionation of the HDO oil produced three fractions with different boiling point 
ranges. The fractionated HDO oil is colorless but oxidize to a brown liquid upon 
exposure to air 
 
•  Product analyses on a molecular level reveal that: 
1.  NMR spectroscopy is a versatile tool to characterize pyrolysis and HDO oils and to 
gain insights in the reactions taking place on a molecular level 
2.  The two main fractions of the fractionated HDO oil mainly consist of alkyl 
substituted phenolics.  2-26 Chapter  2 
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2.6  Appendix 1: Calculation Sheet  
(Exp 31 is taken as an example) 
A.  Calculation of H2 consumption and conversion from mass balance 
Wet bio-oil: Wwb= 25g 
30 %-wt H2O 
41 %-wt O  Water: Ww 
88.89 %-wt O 
Dry Bio-oil: Wdb 
 
 
 
Overall mass balances:  
Wdb = Wwb – Ww = 25 – 0.30 x 25 = 17.30 gram 
Oxygen balances: 
% 46 . 20 % 100
30 . 17
889 . 0 71 . 24 3 . 0 41 . 0 71 . 24
, =
−
= x
x x x
X db O  
a)  Weight of oxygen potentially removed by HDO reaction = 20.46% x 17.30 gram = 4.26 
gram (oxygen in water does not react) 
b)  4.26 gram Oxygen = 0.27 mole Oxygen  
c)  Based on Eq. 1, amount of hydrogen needed to react with 0.27 oxygen = 0.27 mole H2  
d)  Theoretical H2 consumption per kg dry bio-oil =  
mole Oxygen in dry bio-oil x 22.4 Nl/ Weight of dry bio-oil 
(0.27 mole x 22.4 Nl/mole)/(17.3 x 10
-3) = 349 Nl/kg dry bio-oil
 
B.  Calculation of actual Hydrogen consumption 
The actual hydrogenation consumption (in moles) was calculated using the following equation: 
t
t i space gas t
t i T R
X V P
n
.
. ,
,
− =  
ni,t: mole of gas i at time t 
Pt : total pressure of the reactor at time t 
Vgas-space: volume of gas space within the reactor (=75 ml) 
Xi,t: fraction of gas i at time t   Hydro-deoxygenation of Bio-oil  2-29  
 
Tt: temperature of reactor at time t 
R: ideal gas constant = 8.314 J/(mol.K) 
 
Initial conditions: Po=100 bar, To=25
oC, XH2,o=100%.  
a)  End of experiment and after cooling condition: Pt=55 bar at Tt=35.5
oC.  
b)  %H2 in gas space: XH2,t =23.8%-vol.  
 
 N o,H2 = (Po,H2 . Vgas-spcae) /(R.To) = 0.30           [43] 
Nt,H2  = (Pt,H2 . Vgas-space . XH2,t) /(R.Tt) = 0.04      [43] 
Hydrogen consumption: ΔN= No,H2 - Nt,H2  = 0.26    [43] 
 
c)  Actual H2 consumption per kg dry bio-oil = mole H2 consume x (22.4 Nl/mole) / 
Weight of dry bio-oil 
(0.26 mole x 22.4 Nl/mole)/(17.3 x 10
-3) = 336 Nl/kg dry bio-oil 
 
C.  Calculation of overall mass balance closure  
 
 
HDO 
Gas:     H2, CO, CO2, CH4, C2H4, C2H6, C3H6, C3H8
H2: Po,To 
Bio-oil  Liquid 
HDO oil 
Water + 
Hydrocarbon 
Coke 
 
 
Overall mass balances:  
a)  Wbio-oil,in + WH2, in = (Wgas, out + Wliquid, out + Wcoke, out) 
 
b)  Wbio-oil,in + (Po.Vr.XH2,in/(R.To)) = (Σ(Wgas,out . Xi,out ) + Wliquid, out + Wcoke, out) 
 
d)  Wbio-oil,in + (Po.Vr.XH2,in/(R.To))= (Σ(((Pt,H2 . Vr .MWi) /(R.Tt)). Xi,out ) + Wliquid, out + 
Wcoke, out) 2-30 Chapter  2 
 
 
(Σ(((Pt,H2 . Vr .MWi) /(R.Tt)). Xi,out ) + Wliquid, out + Wcoke, out). 100% 
η = 
Wbio-oil,in + (Po.Vr.XH2,in.MWH2 /(R.To)) 
 
 (3.3+ 18.98 + 0.9). 100% 
η = 
(24.71 + 0.6)  
 
η = 91 % 
 
D.  Calculation of the TOF of the catalyst in screening phase 
TOF expressed in mol H2/g. cat.hr, 
  
Example: Volume of reactor gas gap = 75 ml. Initial conditions: Po=100 bar, To=25
oC. End 
of experiment and after cooling condition: Pt=55 bar at Tt=35.5
oC. %H2 in gas space: XH2,t 
=23.8%-vol. Weight of catalyst: Wcat= 1.25 g. Reaction time: Rt =3 hour. R = 8.314 
J/(mol.K). Vgas=75 ml  
No,H2 = (Po,H2 . Vgas-space) /(R.To) = 0.30           [43] 
Nt,H2  = (Pt,H2 . Vgas-space . XH2,t) /(R.Tt)  =  0.04    [43] 
Average TOFH2 = (No,H2 - Nt,H2)/(Wcat . Rt) = 0.0693  (mol. (g cat)
-1.hr
-1) 
 
E.  Calculation of energy efficiency 
Energy efficiency = % 100 . .
BO
product
HDO HHV
HHV
X   
HHVproduct   : Heating value of product (HDO oil) = 39 MJ/kg  
HHVBO   : Heating value of BO (wet basis) = 21 MJ/kg.  
XHDO   : HDO oil fraction = 33 wt% of total product. 
Using this equation, the calculated energy efficiency is ~62%. 
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2.7  Appendix 2. Overview of selected HDO experiments  
 
E x p .  N o . 1 82 02 32 62 82 9 3 03 1 3 2
Catalyst NiMo/Al2O3 CoMo/Al2O3 NiMo/Al2O3 NiMo/Al2O3 NiMo/Al2O3 NiMo/Al2O3 NiMo/Al2O3 NiMo/Al2O3 NiMo/Al2O3 Ru/Al2O3
Conditions
Po.h2,bar 100 100 100 100 100 100 100 100 100 100
T1, oC 250 250 250 250 250 250 300 300 300 300
Rt1, min 60 60 60 60 60 15 15 15 15 15
T2, oC 400 400 400 400 400 400 400 400 400 400
Rt2, min 60 60 15 30 60 60 60 180 180 180
Feed
Bio-oil, gr 25,19 25,53 26,29 24,69 24,46 24,2 23,77 24,71 25,2 25
Catalyst, gr/gr Bio-oil 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05
Analysis
Elemental Compositions  n.a n.a n.a n.a
C, %-wt 81,25 79,2 77,4 79,55 79,55 76,4%
H, %-wt 8,81 8,79 8,66 9,54 9,98 9,1%
N, %-wt 0,52 0,35 0,36 0,43 0,16 0,1%
O, %-wt (diff.) 9,42 11,67 13,59 10,49 10,31 14,4%
Gas Composition n.a n.a
H2, %-vol 70,5 79,1 14,7                 27,3% 24,8% 23,8% 33,2% 0%
CH4, %-vol 8,9 6,7 26,7                 43,4% 44,9% 45,3% 31,9% 0%
CO, %-vol 0,9 0,3 0,6                   1,1% 1,3% 1,3% 0,7% 0%
CO2, %-vol 17,4 12 12,2                 19,8% 20,1% 19,8% 25,2% 71,8%
C2H4, %-vol 0,2 0 0,2                   0,3% 0,4% 0,4% 0,3% 0%
C2H6, %-vol 1,1 1,1 3,2                   4,8% 5,1% 5,7% 5,1% 28,2%
C3H6, %vol 0,4 0,4 0,6                   1,0% 1,1% 1,0% 0,8% 0%
C3H8, %-vol 0,6 0,3 1,6                   2,3% 2,3% 2,7% 2,8% 0%
total 100 100 100,0               100% 100% 100% 100% 100
Results & Product
Pt, bar 40 65,2 47,71 15,6 55,4                 59 51,9 55 54,2 55,1
Tt, oC 52,8 30 32 45 26,0                 46 27,5 35,5 28,5 38,8
Gas MW, gr/mole 12 12 11,6                 8,6                   10,9                 18,2                 20,0               20,2                 20,2            40,0
G a s ,  g r 1 , 3n . a1 , 60 , 42 , 03 , 0 3 , 13 , 3 3 , 3
Liquid, gr 13,9 13,83 12,57 17,54 13,7                 18,08 14,23 18,98 18,05 17,08
Water, gr 10,68 10,11 n.a n.a 9,27 11,13 9,27 10,28 10,82 10
HDO oil, gr 3,22 3,72 n.a n.a 4,4                   6,95 4,96 8,16 7,23 7,08
Char, gr 0 1,3 n.a n.a n.a 0,98 0,9 1,2 1,8
Total (G+L+S), gr 15,2 15,1 14,2 17,9 15,7 22,1 17,3 23,1 22,5 25,3
Balance 59% 58% 53% 71% 63% 89% 71% 91% 87% 99%
4 4
6 , 4
 
 
 
  CHAPTER 3 
Hydrogenation of Fast Pyrolyis Oil and Model Compounds in Two-
Phase Aqueous-Organic Systems using Homogeneous Ruthenium 
Catalysts  
PART I: The Application of Water-soluble Ruthenium Catalysts for the 
Hydrogenation of the dichloromethane-soluble fraction of Fast Pyrolysis oil 
and Model Compounds. 
3.1  Introduction 
The development of renewable energy carriers as replacements for fossil based fuels is 
rapidly progressing. An attractive second generation biofuel is fast pyrolysis oil, also known as 
bio-oil (BO), obtained from flash pyrolysis of lignocellulosic biomass at medium temperatures 
(375 - 450°C). Pyrolysis oil is a very complicated matrix consisting of up to 400 different 
chemical substances belonging to a broad range of chemical groups (acids, aldehydes, ketones, 
lignins, sugars).  
Crude BO requires upgrading before it is suitable to be applied in non-stationary internal 
combustion engines. The caloric value of BO is relatively low (20 MJ/kg) compared to fossil 
oil (42 MJ/kg), it is rather acidic (pH 2.5) and improvements in storage stability are desirable [1, 
2]. Hydrotreatment of BO using heterogeneous catalysts has been studied and it was shown that 
the caloric value and storage stability increased dramatically when using classical 
hydrotreatment catalysts like sulphidised NiMo and CoMo on alumina supports [3-7]. The 
process conditions for hydrotreatment of BO are rather severe (350-450°C, 50-150 bar 
hydrogen), leading to the formation of substantial amounts of gases and (undesirable) char. As 
a result, the energy efficiency is relatively low. Therefore, there is a strong incentive to develop 
catalysts that operate at lower temperatures and pressure while still producing a modified BO 
with improved properties.  
We envisaged that homogeneous catalysts could be attractive alternatives [8-13] as these 
operate at considerably milder conditions. However, the use of well defined homogeneous 
catalysts for the hydrotreatment of pyrolysis oil is still in a state of infancy. We have recently 
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reported the use homogeneous ruthenium catalysts of the type RuCl2(PPh3)3 for the 
hydrogenation of the water-soluble fraction of BO in a two phase aqueous organic system. At 
mild conditions (40 bar, 90°C), the amounts of aldehydes (e.g. 1-hydroxy-2-ethanal) were 
reduced considerably [14]. Although this earlier study has demonstrated the potential of 
homogeneous catalysts for the hydrotreatment of BO, it is only a first step towards applications. 
The development of highly active and cheap catalysts is of utmost importance. With such 
systems, once through operation modes are possible without the use of catalyst recycling 
strategies. Only then, these homogeneous catalysts will be able to compete with the classical 
heterogeneous systems and may eventually be used to upgrade BO as a fuel for non-stationary 
combustion engines.   
We here report our hydrogenation studies on the dichloromethane soluble fraction of a 
typical BO obtained by the L-L extraction of BO with dichloromethane and water. This fraction 
(about 6-30%-wt of the pyrolysis oil) is expected to contain large amounts of lignine derived 
compounds like low and medium molecular weight phenolics, syringols and guaiacols [15, 16]. 
Typical examples of low molecular weight lignine derived compounds in BO are guaiacol and 
alkyl substituted derivatives (4-methyl-guaiacol, 4-ethyl guaiacol, 4-propyl guaiacol), 
(substituted) syringols, isoeugenol and vanillin. A biphasic liquid-liquid system using a water 
soluble homogeneous catalyst was the system of choice to allow easy catalyst recycling after 
reaction to improve the catalyst efficiency. Our focus was mainly on the hydrogenation of 
aldehyde functionalities in the pyrolysis oil as the storage stability of BO is known to be 
negatively affected by the presence of aldehydes [17, 18]. 
 Various water soluble ruthenium based homogeneous catalysts have been developed that 
are capable of reducing aldehyde groups to alcohols [8, 10-13, 19-23]. For instance, water 
soluble ruthenium-TPPTS complexes, generated in situ from RuCl3 and tris(m-
sulfonatophenyl)phosphine (TPPTS) have proven to be very useful catalyst for the selective 
reduction of the carbonyl function of α,β−unsaturated aldehydes at mild conditions (30-60°C, 
10-50 bar hydrogen). For some of the systems, conversion and the selectivity remained 
unaffected after recycling the catalyst [11].    
Our initial activity involved hydrogenation experiments to hydrogenate typical lignin 
model compounds (vanillin, acetoguaiacone and iso-eugenol) using a RuCl3/TPPTS catalyst. 
Subsequently, the potential of this catalyst for the hydrotreatment of the dichloromethane-
soluble fraction of BO was explored in a two phase aqueous-organic system. 3-3 Chapter  3 
 
3.2  Experimental 
3.2.1  Materials and product analysis 
Vanillin (1), iso-eugenol (2, mixture of cis- and trans isomers) and acetoguaiacone (3), 
were obtained from ACROS (purity > 99%). The metal catalyst precursor, RuCl3.3H2O (purity 
99%), was provided by Riedel-de Haen, Na3TPPTS (TPPTS) from Fluka. NaI was purchased 
from ACROS (purity 99%-wt). n-Hexane and dichloromethane (CH2Cl2) were from Lab Scan 
(analytical grade, 99% purity), THF (99% purity) was obtained from ACROS. Na2HPO4.12H2O, 
K2HPO4.3H2O, and NaH2PO4.H2O were purchased from Merck. Hydrogen and nitrogen gas 
were from Hoek-Loos (99.5 %-v purity). All compounds were used without purification. 
Pyrolysis oil (beech wood) was provided by the Biomass Technology Group B.V., Enschede, 
The Netherlands.  
Buffer solutions (pH = 4.5, 7.28 and 9.25) were prepared using standard procedures [24] by 
dissolving the appropriate amount of phosphate salts in water (pH 4.5: 0.1 M NaH2PO4; pH 
7.28: mixture of 0.01 M KH2PO4 and 0.01 M Na2HPO4; pH 9.28: 0.1 M Na2HPO4). 
1H- and 
13C- NMR spectra were recorded on a Varian AMS 100 spectrometer using CDCl3 
as the solvent. The spectra were referenced to TMS (δ = 0 ppm). FT-IR spectra were recorded 
on a Perkin Elmer FT-IR spectrometer (Spectrum 2000 series, resolution 2.0 cm
-1, 100 scans). 
The samples were diluted with tetrahydrofuran (10%-wt solution) before measurement. The 
THF peaks were substracted from the product spectra using the FT-IR software.  
Elemental compositions (C, H, N, Cl) were determined using an Elemental Analyzer 
(Flash EA 1112, CE Instruments).  
Samples for Transmission Electron Microscopy (TEM) were prepared by depositing a 
representative droplet of the aqueous phase containing the Ru-TPPTS catalyst  (3.00 mmol/lw,  
taken from  a typical reaction mixture performed at base case conditions, see Table 3-1) on a 10 
nm thick silicon-nitride membrane and then drying the droplet under infra-red light for about 
half an hour. Bright-Field TEM images and Selected Area Electron Diffraction patterns were 
recorded (on CCD cameras) using a JEOL 2010F TEM operating at 200 kV. Energy Dispersive 
X-Ray Spectrometry (EDAX) attached to the TEM was also used to determine the local 
chemical composition of the prepared TEM samples (with a spatial resolution down to about 1 
nm). Hydrogenation of the dichloromethane-soluble fraction of Bio-oil              3-4 
3.2.2 
3.2.3 
3.2.4 
Hydrogenation equipment  
Hydrogenation experiments were performed in a 350 ml stainless steel batch autoclave 
(Buchii GmBH) equipped with an overhead magnetic stirrer, a pressure indicator and a 
thermocouple for temperature registration. The autoclave was equipped with an electrical 
heating/cooling system to control the temperature inside the reactor. 
Typical experimental procedure for a hydrogenation experiment 
RuCl3.3H2O (37.5 mg, 0.14 mmol) and TPPTS (236.3 mg, 0.42 mmol) were charged to the 
autoclave. Subsequently, water (46 mL), organic solvent (164 mL), substrate (9.33 mmol) and, 
when appropriate, NaI (0.08, 0.12, and 0.5 M) were added. Typically, a substrate to catalyst 
ratios of 65 mol/mol was applied and the Ru to TPPTS ratio was typically set at 1:3 
(mole/mole).   
The autoclave was closed immediately and flushed three times with nitrogen gas to remove 
oxygen. The reactor was pressurized with 6.0 bar of H2 gas and heated to the pre-set 
temperature (45
o, 60
oC and 70
oC). After the reaction temperature was reached, H2 was 
introduced to the reactor to the desired reaction pressure (typically 45 bar). The hydrogen 
supply valve was closed and the hydrogen pressure in the reactor was measured as a function of 
time.  
After reaction, the reactor was cooled down to room temperature and vented to 
atmospheric pressure. The reactor content was collected and the two liquid layers were 
separated. The organic phase was collected and the solvent was removed at reduced pressure 
(10 mbar, 30
oC). All phases and products were weighed to determine the mass balances. The 
composition of the organic phase was determined and quantified using 
1H-NMR and 
13C-NMR.  
Hydrogenation of the dichloromethane-soluble fraction of BO  
The dichloromethane soluble fraction of BO was prepared by intensely mixing BO (7.15 
g) dissolved in dichloromethane (164 mL) with water (46 mL). Subsequently, both liquid 
phases were separated using a separating funnel. The organic phase was used as a starting 
material for the hydrogenation studies. 
RuCl3.3H2O (112.5 mg, 0.43 mmol), TPPTS (712.5 mg, 1.25 mmol) and NaI  (0.08 mol/lw) 
were charged to the autoclave. Subsequently, water (46 mL), and the dichloromethane soluble 
fraction of BO (see above for preparation) were added. The autoclave was closed and flushed 
three times with nitrogen gas to remove oxygen. The reactor was pressurized with 6.0 bar of H2 
gas and heated to the pre-set temperature (45
o and 70
oC). After the reaction temperature was 3-5 Chapter  3 
 
reached, H2 was introduced to the reactor to the desired reaction pressure (typically 45 bar). 
The hydrogen supply valve was closed and the hydrogen pressure in the reactor was measured 
as a function of time.  
  After reaction, the reactor was cooled down to room temperature and vented to 
atmospheric pressure. The organic phase was collected and the organic solvent was removed at 
reduced pressure (10 mbar, 30
oC). All phases and products (dark brownish oil) were weighed to 
determine the mass balances. The composition of the organic phase was determined and 
quantified using 
1H- 
13C-NMR, and FT-IR. The elemental composition of the organic phase 
before and after reaction was determined after removal of the dichloromethane at reduced 
pressure (50 mbar, 40
oC). 
3.2.5 
3.3.1 
Kinetic experiments and modeling 
For these experiments, 75 mg (0.28 mmol) of RuCl3.3H2O and 1.42 g (9.33 mmol) of 
vanillin were applied; giving a substrate to catalyst ratio of 32.5 mol/mol. The reaction was 
performed at 45 bar H2 pressure, a reaction temperature 70
oC and without NaI addition.  
The kinetic parameters were estimated using a maximum likelihood approach, which is 
based on minimization of errors between the experimental data and the kinetic model. Details 
about this procedure can be found in the literature [25]. Minimization of the objective function 
is performed by providing initial guesses for each kinetic parameter. The best estimates were 
obtained using the MATLAB toolbox command fminsearch, which is based on the Nelder-
Mead optimization method. 
3.3  Results and discussion 
Screening experiments with BO model compounds 
Three typical model compounds representing the low molecular weight lignine fraction of 
BO, vanillin (1), iso-eugenol (2) and acetoguaiacone (3) (Figure 4-1), were tested in a batch 
set-up using a catalyst consisting of RuCl3 and TPPTS (Ru:TPPTS mol ratio = 1:3) in a water-
hexane biphasic system (45
oC, hydrogen pressure of 45 bar and a substrate to catalyst ratio of 
32.5:1). A typical reaction time was 3 h.  
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Vanillin (1) Iso-eugenol  (2) Acetoguaiacone  (3) 
Figure 3-1. Selected bio oil model compounds 
 
The hydrogenation of 2 resulted in the selective formation of 2-methoxy-4-n-propyl phenol 
(4, see Eq. 1). Hydrogenation of the aromatic ring was not observed. 
 
OH
O
OH
O
H2
45oC, 45 bar
(2) (4)  
 
(1) 
 
NMR spectra clearly showed the appearance of peaks arising from the n-propyl group of 4 
(δ 1.5-2.5 ppm in 
1H-NMR and δ 24 - 37 ppm in 
13C-NMR). The reaction is relatively slow and 
the conversion was only 10 % after a 3 h reaction time, corresponding to a TOF of 1.1 mol/mol 
Ru.h. Under similar conditions, (3) was not reactive and the starting material was recovered 
after the reaction.  
Vanillin was considerably more reactive and a 32% conversion was observed after 3 h 
reaction time. Surprisingly, the major product was not the anticipated vanillylalcohol (5) but 
creosol (6) (see Eq 2). 5 and 6 were present in a 1 : 13.3 mol ratio.  
 
O H
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 This is particularly evident from NMR spectra of the product. A clear peak of the CH2OH 
group of 5 (δ 4.6 ppm in 
1H-NMR and δ  68.8 ppm in 
13C-NMR) and the methyl group of 6 (δ 3-7 Chapter  3 
 
2.4 ppm in 
1H-NMR and δ 21.2 ppm in 
13C-NMR) appear as a result of hydrogenation of 1.  As 
with 2, hydrogenation of the aromatic ring did not occur. 
The formation of the hydrogenation product 6 was not anticipated at forehand when 
applying a homogeneous hydrogenation catalyst. The reaction is formally a 
hydrodeoxygenation reaction of an aldehyde to a saturated hydrocarbon. A number of   
synthetic routes using stoichiometric reagents is available for this transformation (hydrazine, 
base [26], Zn-amalgam, HCl [27], NaBH3CN [28]). The catalytic conversion of vanillin to 6 is 
known to proceed with heterogeneous catalysts (e.g. CoMo on alumina, MoS2 on supports like 
alumina and carbon) [29, 30]. However, to our best knowledge, it is the first example of the 
hydrodeoxygenation of vanillin to 6 using a biphasic homogeneous transition metal catalyst 
system. It also raises the question whether the reaction is catalyzed by a truly homogeneous 
transition metal compound or by Ru-nanoparticles or clusters (vide infra). 
A comparison of the hydrogenation results for model compounds 1  and 3  by the 
RuCl3/TPPTS catalyst indicates that aromatic aldehydes are more easily reduced than aromatic 
ketones, in line with literature data for this catalyst system [10-12, 19, 31].   
3.3.2  Systematic studies on the conversion of vanillin to creosol 
The biphasic hydrodeoxygenation reaction of 1 to 6 (Eq. 2) using the RuCl3/TPPTS catalyst 
was studied in more detail. The effects of various process variables like the ligand to metal ratio, 
solvents, temperature and the role of additives were determined (Table 3-1) with the aim to 
optimize the process conditions to achieve the highest conversion rates and selectivity for the 
reaction. Initially, the reproducibility of the reaction was tested at standard conditions (Table 3-
1) and found to be satisfactorily (relative error in conversion 9% and 4% in selectivity). 
3.3.2.1 Mass transfer effects  
The conversion rate as well as the selectivity in biphasic liquid-liquid systems may be 
affected by the rate of mass transfer of reactants from the supply to the reaction phase. 
Grosselin et al, [11] showed that the biphasic reduction of cinnamaldehyde using Ru/TPPTS 
was suffering form mass transfer limitations at lower stirring speeds (< 1500 rpm).  To probe 
possible mass transfer effects on the conversion of 1 to 6, a number of experiments were 
performed using different agitating speeds while keeping all other variables at standard values 
(Table 3-1), with the exception that a double catalyst intake was employed to ensure significant 
vanillin conversion at lower agitating speeds.  
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Table 3-1. Overview of experimental conditions for the hydrogenation of 1 using 
the RuCl3/TPPTS catalyst. 
Process variable  Base case  Ranges 
T, 
oC 45  45-70 
P, bar  45  - 
Stirring speed, rpm  1300  200-2000 
L/M, mol/mol  3.0  1.0-4.0 
Catalyst intake, mmol  0.14  0.14 and 0.28 
Substrate to Catalyst ratio, mol/mol  65  32.5 and 65 
NaI addition, mol/Lw - 0-0.50 
Reaction time, h  3  - 
Organic solvent  n-hexane 
n-hexane, 
dichloromethane 
 
The results are provided in Figure 3-2.  It is clear that the conversion is a function of 
the agitating speed when the speed is less than about 1000 rpm. Above this value, the 
conversion remains essentially constant. 
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Figure 3-2. Conversion of 1 at various stirring speeds. Conditions: 
Base case, except substrate/catalyst = 32.5 mole/mol and catalyst 
intake = 0.28 mmol. 
 3-9 Chapter  3 
 
It clearly implies that the overall conversion is affected by mass transfer effects when 
the agitating speed is less than 1300 rpm. To ensure the measurement of the intrinsic kinetics of 
the reaction and to exclude mass transfer effects, all further systematic studies were performed 
with a stirring speed > 1300 rpm.  
3.3.2.2 Effect of temperature 
The effect of temperature on the conversion and selectivity of the hydrogenation of 1 
was tested at 45
oC, 60
oC and 70
oC. Temperature has a large impact on catalytic activity (Figure 
3-3) and the observed TOF at 60°C (16.9 mol/mol Ru.h) is 10 times higher than at 45°C. The 
selectivity towards 6 also improves considerably when performing the reaction at higher 
temperatures (65% at 45
oC to ca. 95%-mol at T > 60
oC, Figure 3-3). However, catalytic 
activity levels off at temperatures above 60
°C, indicative for catalyst deactivation. The results 
indicate that the temperature is a critical process variable for optimizing the conversion and 
selectivity to 6. 
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Figure 3-3. Influence of T on the conversion and selectivity of the 
reaction of 1 to 6. Conditions: see Table 3-1 for base case. Legends: 
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3.3.2.3 Effect of the ligand to metal (L/M) ratio 
The effect of the ligand to metal ratio was probed in the range of 1 to 4 mol/mol (Table 
3-1, base case). The hydrogenation results and particularly the conversion of 1 are a strong 
function of the L/M ratio (Figure 3-4). Upon increasing the ratio from 1 to 2, the conversion 
increases from 12 to about 20%. A further increase of the L/M ratio has a negative effect and 
the conversion reduces to 7% and 2% respectively. It appears that the optimum ratio with 
respect to conversion is about 2. The selectivity to 6 is reduced considerably when increasing 
the L/M ratio. At an L/M ratio of 4, the sole product is the alcohol 5.  
Previous studies on the hydrogenation of 3-methyl-2-butenal using the RuCl3/TPPTS 
catalyst have also shown that the conversion is a strong function of the ligand to metal ratio 
[11]. Selectivity changes as a function of the L/M ratio have also been observed, for instance 
for the hydrogenation of cinnamaldehyde to cinammyl alcohol using RuCl3/TPPTS catalysts 
[19]. This effect was explained by assuming a change in distribution of the various ruthenium-
TPPTS species in solution when varying the L/M ratio. 
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Figure 3-4. Influence of L/M ratio on the conversion of 1 and selectivity 
towards  6. Conditions: see Table 3-1 for the base case. Legends: (■--): 
creosol selectivity; (○-): vanillin conversion  3-11 Chapter  3 
 
3.3.2.4  Solvent effects 
  To probe possible solvent effects, the biphasic aqueous-organic hydrogenation of 1 was 
also performed in a dichloromethane/water system. The results are given in Table 3-2. The 
conversion in dichloromethane after 3 h reaction time at standard conditions (Table 3-1) is 
slightly higher than in hexane. Remarkably, the reaction product in dichloromethane is the 
alcohol 5 and not the saturated compound 6.   
 
Table 3-2. Influence of organic solvent on conversion and product 
selectivity. Conditions: see Table 3-1, base case 
Conversion (X1) 
[%-mol] 
Selectivity (Si) 
[%-mol] 
Solvent 
 
OH
OH
O
  OH
O
 
n-Hexane 7  13.0  67.0 
dichloromethane 9  100.0  - 
 
3.3.2.5 Effect of NaI addition 
  Basset and co-workers reported a very positive effect of NaI on the performance of 
well defined mono-nuclear Ru-catalyst precursors like RuHCl(TPPTS)3 catalyst for the 
hydrogenation of propionaldehyde in water [23]. The presence of of NaI (0.08 M) resulted in a 
dramatic increase in the conversion of propionaldehyde and the reaction rate at 45°C in the 
presence of NaI was even higher than at 70°C in the absence of salt. We have performed a 
series of experiments to probe the effects of NaI on the hydrogenation of 1. The results are 
given in Figure 3-5. 
A large positive effect of NaI addition on the conversion of 1 is observed. When going 
from 0 to 0.08 mol/lw NaI, the conversion increases from 7% to 79%, corresponding to a TOF 
of 17 mol.mol Ru
-1.h
-1. A further doubling of the TOF is possible at higher temperatures. At 
60°C instead of 45°C and a reduced reaction time of 1 h, the conversion was 56%, 
corresponding with a TOF of 36.4 mol.mol
-1h
-1.   
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Figure 3-5.  Influence of NaI addition on vanillin conversion and product 
selectivity. Conditions: see Table 3-1 for base case. Legends: creosol selectivity 
(●--); vanillin conversion (□··-). Lines are for illustrative purposes only. 
 
There appears to be an optimum NaI concentration with respect to the conversion and a 
further increase form 0.08 to 0.5 mol/lw leads to a strong reduction in the conversion levels. The 
selectivity of the reaction improves in the presence of low levels of NaI (0.08 and 0.11 mol/lw ) 
from 66% to 97%. However, in the case of a high NaI concentration (0.5 mol/lw) the selectivity 
drops to 76% and significant amounts of 5 are formed. The selectivity of the reaction appears to 
be a function of the conversion, with lower conversions leading to a reduced selectivity towards 
6. This aspect will be discussed in more detail in a subsequent paragraph on kinetic modeling of 
the reaction. 
Our findings with respect to the activity of the systems as a function of the NaI 
concentration are in line with those reported by Basset for the hydrogenation of 
propionaldehyde in water using well defined mono-nuclear Ru-catalyst precursors like 
RuHCl(TPPTS)3 [23]. For this system, the reaction order in NaI is also a function of the CNaI. In 
the range CNaI < 0.07 mol/lw the order in NaI was one, between 0.07 and 0.4 mol/lw zero and 
negative above 0.4 mol/lw. The positive role of NaI at lower concentrations was rationalized by 
assuming that reaction of the aldehyde at the metal center is assisted by NaI (Eq 3).  
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LmRu +
H
O
R
H
O
R
LmRu
Na
NaI
+
I-
 
(3) 
 
 
3.3.2.6 Effect of pH of the aqueous phase on catalyst activity and selectivity 
A number of experiments in buffer solutions with different pH-values (4.5 to 9.25; T= 
60°C, 45 bar H2, TPPTS/Ru ratio of 3.0) were performed. The conversion of 1 and selectivity 
towards 6 were measured and the results are shown in Fig 6. A clear pH dependency was 
observed and the conversion and selectivity both peak at neutral conditions and are reduced in 
acidic and basic media.  
The conversion in the buffered solution at pH = 7.28 is actually higher than found for 
an experiment in the absence of a buffer (Figure 3-6). The pH of the latter is about 7, thus pH 
effects are not likely the cause of this observation. It suggests that both the presence of salts and 
the pH affect the activity of the Ru-TPPTS system. Further experiments outside the scope of 
this paper with a range of pH values and a wide variety of salts with different anions and 
cations will be required to rationalize these findings.  
The pH of the aqueous phase in biphasic aqueous-organic catalysis using homogeneous 
catalysts is known to affect catalytic activity and selectivity  [9, 32-34]. Joó et. al. [34] studied 
the hydrogenation of unsaturated aldehydes with well defined homogeneous Ru-TPPTS 
catalysts and found that the composition of the various homogeneous Ru-species in solution 
drastically changed as a function of the pH with a concomitant change in the selectivity of the 
reaction. Dyson et al. [33] observed a strong increase in activity when using various water 
soluble Ru-arene complexes for the hydrogenation of benzene to cyclohexane in biphasic 
media. The activities of the catalysts were a clear function of the pH, with high pH values 
leading to high catalytic activity. These results were rationalized assuming that the active 
catalysts are actually colloidal Ru-species and that the rate of colloid formation is pH 
dependent.  
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Figure 3-6. Conversion of 1 and selectivity to 6 at different pH. 
Conditions: T= 60
oC, P= 45 bar, RPM=1500, and TPPTS/Ru= 3.0 
mol/mol, 3 h reaction time   
 
3.3.2.7 Kinetic modeling of the reaction of vanillin (1) to creosol (6)   
The main reaction product of vanillin hydrogenation in the hexane-water biphasic using 
the RuCl3/TPPTS catalyst is 6. Depending on reaction conditions and batch times, alcohol 5 
may be present in significant amounts. The question arises whether the alcohol is an 
intermediate product and subsequently reacts to 6 or that vanillin reacts in a parallel mode to 5 
and 6 (Scheme 1).   
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Scheme 1.  
Possible mechanistic pathways for the hydrogenation of 1  3-15 Chapter  3 
 
 
To gain insight in the dominant reaction pathway, eight batch experiments with 
different reaction times (20 min - 7 h) were performed. The reaction conditions are as for the 
base provided in Table 3-1, with the exception that a higher catalyst intake (0.28 mmol) and 
lower substrate to catalyst ratio (32.5 mol/mol) were applied. The results are graphically 
depicted in Figure 3-7.  
From the Figure, it can be concluded that alcohol 5 is an intermediate product, with a 
concentration peaking after about 1 h reaction time. This implies that the reaction proceeds via 
a series mechanism (path A and B in Scheme 1).  
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Figure 3-7. Batch concentration profiles for the hydrogenation of 1 
using the RuCl3/TPPTS catalyst. For conditions: see Table 3-1, base 
case. Legends: C1 (), C5 (|), C6 (∆). Lines are according to the 
kinetic model. 
 
With the kinetic profiles available (Figure 3-6) and assuming a series mechanism (route A and 
B in Scheme 1), it is possible to determine the kinetic parameters for the reaction of 1 to 5 and 
that of 5 to 6.  
For the proposed kinetic scheme, the following relations hold for a batch reactor: 
 
p
H
m
1 15
1
2 C C k
dt
dC
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q
H
n
5 56
p
H
m
1 15
5
2 2 C C k C C k
dt
dC
⋅ ⋅ − ⋅ ⋅ =                                 (5) 
 
q
H
n
5 56
6
2 C C k
dt
dC
⋅ ⋅ =                          (6) 
                      
where k15 is the rate constant of the reaction of 1- 5, k56 the rate constant of the reaction of 5 to 
6  and n, m, p and q are the orders in substrates. When assuming that all reactions are 
elementary and considering that during an experiment the pressure drop in the batch reactor is 
less than 10%, Eq’s 4-6 simplify to: 
 
1
'
15
1 C k
dt
dC
⋅ − =                             (7) 
5
'
56 1
'
15
5 C k C k
dt
dC
⋅ − ⋅ =                                     (8) 
5
'
56
6 C k
dt
dC
⋅ =                                        (9) 
 
The software package MATLAB was used to determine the kinetic parameter k’15 and k’56. 
The results for the optimized values of the parameters are shown in Figure 3-7 and presented in 
Table 3-3. The pseudo first order kinetic constant for the reduction of the alcohol 5 to the 
saturated hydrocarbon 6 (path B in Scheme 1) is a factor of 10 higher than that of the reaction 
of aldehyde 1 to alcohol 5. With these kinetic rate constants available, it is possible to predict 
the selectivity towards creosol 6 as a function of the conversion (Figure 3-8). The model 
suggests that the selectivity towards creosol is always higher than the conversion at a certain 
batch time, in line with the experimental findings.  
With this kinetic information available, it is also possible to rationalize some of the 
experimental trends. For instance, when studying the effects of the L/M ratio on catalyst 
performance (Figure 3-4), it was observed that the selectivity of the reaction increased 
considerably at higher conversions. Similar effects were observed when studying the effects of 
NaI addition (Figure 3-5) and temperature (Figure 3-3). All of these findings are in line with the 
series mechanism proposed here for the formation of 6 for which the kinetic constant of the 
second reaction is higher than the first.    
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Figure 3-8 Modeled selectivity to creosol (S6) as a function of 
vanillin conversion (X1).  
 
 
Table 3-3. Pseudo first order kinetic constants for 
the hydrogenation reaction 
Parameter Value  (h
-1) 
k’15 0.26+ 0.02 
k’56 2.35+ 0.95 
 
3.3.3  Catalytic hydrogenation of the dichloromethane-soluble fraction of bio-oil 
The hydrogenation of the dichloromethane soluble fraction of BO, obtained by treatment 
of BO was performed using a biphasic liquid-liquid system consisting of dichloromethane and 
water. The dichloromethane soluble fraction of BO was obtained by dissolving the BO in 
dichloromethane followed by water addition and phase separation. About 20 %-wt of the 
original BO was present in the dark-brown dichloromethane layer. Two experiments were Hydrogenation of the dichloromethane-soluble fraction of Bio-oil              3-18 
performed, slightly differing in process conditions. In both cases, Ru-TPPTS (L/M ratio of 3) 
was used as the catalyst in the presence of NaI (0.08 mol/lw)  
A first experiment was performed at 45 bar hydrogen and 45
oC for 3 hours. The isolated 
product after reaction was analyzed using FT-IR (Figure 3-9). When comparing the spectra of 
the solutions before and after hydrogenation, it appears that the absorbance in the 1850-1550 
cm
-1 range is reduced significantly. The absorptions in this region arise from carbonyl and 
aromatic skeleton vibrations [35]. The Ru/TPPTS catalyst does not show aromatic 
hydrogenation activity (vide supra) under the conditions applied in this study. This suggests, 
although not conclusive, that the concentrations of carbonyl containing compounds (aldehydes 
and/or ketones) are reduced considerably upon catalytic hydrotreatment. 
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Figure 3-9. FTIR spectra of the dichloromethane-soluble fraction of BO and the hydrogenated 
product in CH2Cl2. Legends: before hydrogenation (─), after hydrogenation (--).  
 
To gain more insights in the various reactions taking place, a second experiment was 
performed (0.113 g Ru-precursor, 70
oC, 18 h and using the dichloromethane layer obtained by 
treatment of 7.15 g of pyrolysis oil with a water-dichloromethane mixture) and the product was 
analysed by 
1H-NMR spectroscopy and elemental analysis. Comparison of the 
1H-NMR spectra 
before and after reaction (Figure 3-10) shows that typical aldehyde proton resonances in the 
range of 8-10 ppm are absent after reaction. This clearly implies that the hydrogenation reaction 
using the Ru/TPPTS catalysts leads to reductions in the amounts of aldehyde species, even in a 
complex matrix of dichoromethane-soluble BO components.  3-19 Chapter  3 
 
This is further confirmed by elemental analysis on the water-insoluble fraction of BO, 
obtained by the L-L extraction of BO with dichloromethane and water, before and after the 
hydrogenation reaction. The results are given in Table 3-4.   
 
Table 3-4. Elemental composition of the dichloromethane 
soluble fraction of BO before and after hydrogenation
a)
Sample C  H  N  O
b)
  %-wt %-wt %-wt %-wt 
Before  Hydrogenation 53.8 6.00 1.34 38.86 
After    Hydrogenation  57.0 6.51 1.76 34.73 
a) Analyses performed after dichloromethane removal in vacuo. Dichloromethane 
removal was quantitative as indicated by low Cl contents of both products (< 65 ppm) 
b) Calculated by differences 
 
The elemental analyses show a clear reduction (10 wt% relative) of the oxygen content of 
the dichloromethane-soluble fraction of BO upon hydrogenation with the RuCl3/TPPTS 
catalyst system. Combined with the NMR data, it is likely that these reduced oxygen contents 
are due to the hydrogenation of aldehydes (e.g. vanillin) to alcohols and/or saturated 
hydrocarbons.  
 
 
Figure 3-10.
 1H NMR spectra of dichloromethane soluble fraction of BO before (top) 
and after (bottom) hydrogenation using the Ru-TPPTS catalyst.    
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3.3.4  Mechanistic aspects; single site metal catalysts or nanoparticles/colloids 
The question arises whether the reactions are catalyzed by a truly single metal 
homogeneous Ru- metal compound or by soluble Ru-nanoparticles or colloids. In the literature 
on biphasic hydrogenations of aldehydes with molecular hydrogen using the RuCl3/TPPTS 
catalyst, it is always assumed that the catalyst is truly a homogeneous single metal catalyst. 
Experimental findings are commonly explained using mechanistic models with single metal 
catalysts [36-40]. However, there is an ongoing debate in the literature about whether simple 
metal salt precursors (e.g. RuCl3, RhCl3) under reducing conditions and in the presence of 
Lewis bases form truly single metal complexes or zero-valent nano-particles, see for instance a 
critical overview of Finke et al. on soluble arene hydrogenation catalysts [33, 41-43]. Catalysts 
systems that were originally thought to be single site homogeneous were actually consisting of 
nanoparticles and colloids. However, it is experimentally difficult to unequivocally distinguish 
whether the catalyst is a single metal catalyst or consists of soluble metal-nanoparticles. [41].  
To gain more insights in the catalyst system described in this paper, we have performed TEM-
EDX measurements on the aqueous phase after reaction. A typical example of a TEM image is 
provided in Figure 3-11.  
 
 
Figure 3-11. TEM bright-field image of the dried aqueous 
phase containing the Ru catalyst 
 
The TEM analysis shows the presence of different types of small particles < 100 nm. The 
particles have various shapes, some are irregular and some are cubic. EDX analyses on a 3-21 Chapter  3 
 
number of different particle types do not reveal the presence of significant amounts of Ru in 
them. The regular particles are rich in both sodium and chlorine, suggesting that these consist 
of, among others, NaCl, presumably arising from the reaction between the catalyst precursor 
RuCl3.3H2O and TPPTS. Further EDX measurements on various locations of the sample reveal 
that Ru is distributed uniformly throughout the sample and is not enriched in particles 
encountered. These findings, in combination with the good reproducibility of the catalytic 
experiments, indicate that the catalyst system used in this study is actually a single metal 
catalyst.   
 
3.4   Conclusions  
A water soluble homogeneous catalyst prepared by reacting RuCl3.3H2O and tris(m-
sulfonatophenyl)phosphine (TPPTS) is an active hydrogenation catalyst for the 
dichloromethane-soluble fraction of BO in an aqueous biphasic aqueous-organic system. NMR, 
IR and elemental analysis indicate that particularly the levels of aldehydes are reduced 
considerably upon hydrotreating. Although this research demonstrates the potential of 
homogeneous catalysts for BO upgrading, substantial research efforts will be required to 
develop catalysts which are as active or even exceed the activity of heterogeneous systems and 
which may also be used to hydrogenate BO as a whole and not only certain fractions of the BO. 
Only then, applications of these catalysts for the production of energy carriers for the use in 
non-stationary combustion engines come within reach.   
To gain molecular insights in the reactions occurring in the complex BO matrix, model 
studies using vanillin (1), acetoguaiacone (2) and iso-eugenol (3) were conducted (45 bar 
hydrogen and 45-70°C). Iso-eugenol was selectively hydrogenated to 2-methoxy-4-propyl 
phenol (4) whereas no reaction was observed with acetoguaicone. Surprisingly, the aldehyde 
group of vanillin was selectively hydrogenated to a saturated hydrocarbon and creosol (6) was 
the major product. This suggests that these ruthenium catalysts are capable of hydro-
deoxygenating aldehyde functionalities. For vanillin, a systematic study was performed to asses 
the effects of process parameters on catalyst activity and product selectivity. Catalyst 
performance is a strong function of the temperature, TPPTS/Ru ratio and the presence of salts. 
The highest TOF (36.4 mol/mol Ru.h) was obtained at 60
oC, 45 bar and in the presence of NaI 
(0.08 M).  
Kinetic modeling implies that the formation of 6 proceeds via the intermediate alcohol 5 in 
a series type of mechanism. TEM-EDX measurements suggest that the reactions are most likely Hydrogenation of the dichloromethane-soluble fraction of Bio-oil              3-22 
catalyzed by truly single metal homogeneous Ru complexes and not by Ru 
colloids/nanoparticles. 
 
 
3.5  Nomenclature 
Ci Concentration of component i, mol/L 
kij Reaction rate constant of the hydrogenation of component i into component j, mol
-1.L.hr
-1
k’ij Pseudo fist order rate constant of the hydrogenation of component i into component j, hr-1 
Superscript 
n  Reaction order of vanillin 
m  Reaction order of vanillilalcohol 
p  Reaction order of hydrogen in hydrogenation of vanillin reaction 
q  Reaction order of hydrogen in hydrogenation of vanillilalcohol 
Subscript 
1  Vanillin 
5  Vanillylaclohol 
6  Creosol 
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 CHAPTER 4 
Hydrogenation of Fast Pyrolyis Oil and Model Compounds in Two-
Phase Aqueous-Organic Biphasic Systems using Homogeneous 
Ruthenium Catalysts  
Part II: Hydrogenation of the water-soluble fraction of fast pyrolysis oil and 
model compounds 
4.1.  Introduction 
Fast pyrolysis oil, also known as bio-oil (BO), is a promising second generation bio-fuel. 
It is accessible by rapid heating of lignocellulosic biomass like for instance wood, straw and 
rice husk at elevated temperatures (450-600
oC). Typically, reactor configurations with short 
residence times (0.1-5 s) are applied. The product is a low viscous, brown-red liquid with a 
distinct odour [1]. Its direct-application for heat and power generation has been proven 
successfully on semi-commercial scale [2-4]. However, upgrading is required before the 
material can be applied as a liquid transportation fuel for in-stationary internal combustion 
engines. The objective of upgrading is to increase the caloric value of the product by reducing 
the oxygen content and to improve storage stability by reducing the levels of very reactive 
compounds like aldehydes.     
Typical upgrading technologies for fossil oil like hydrodeoxygenation and hydrocracking 
have been applied to upgrade BO [1,5-7]. Promising results were obtained with classical 
hydrotreatment catalysts like NiMo and CoMo on alumina and hydrocarbon like products with 
a high caloric value and good storage stability were obtained [7-11]. However, severe process 
conditions are required (P = 150-200 bar; T = 300-400
oC),  catalyst deactivation may be 
substantial and hydrogen consumption is excessive [12].  
It is well established that homogeneous catalysts generally perform at much milder 
process conditions than typical heterogeneous catalysts [13]. We have recently shown that a 
homogenous water-soluble ruthenium catalyst (RuCl3-TPPTS, TPPTS: triphenylphospine tris-
sulphonate) is capable of hydrodeoxygenating BO model compounds (e.g. vanillin) at mild 
conditions (P = 45 bar hydrogen; T = 45
oC) [14] . A liquid-liquid (L-L) biphasic system is used 
to circumvent catalyst-product separation after the reaction.  
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We envisaged that this biphasic concept using a homogeneous catalyst might also be 
applicable to hydrogenate the water-soluble fraction of pyrolysis oil. This fraction contains 
significant amounts of highly reactive oxygenated compounds [15-17]. Hydrotreatment may 
lead to reduction in the oxygen content and thus an improvement in the caloric value. In 
addition, the water-soluble fraction also contains significant amounts of reactive aldehydes e.g. 
1-hydroxy-2-ethanal (hydroxyacetaldehyde), that are expected to have a negative influence on 
the storage stability of pyrolysis liquid due to reactions with a.o. lignin derived phenolics. 
RuCl2(PPh3)3  was selected as the homogeneous, organic soluble catalyst of choice. This 
compound is known to be an outstanding catalyst for aldehyde and ketone reductions in 
homogeneous, single phase systems [18]. To the best of our knowledge, the catalyst has not 
been applied in a biphasic water/organic systems to hydrogenate water soluble substrates [19-
27].  
Pyrolysis oil is a complex mixture of organic molecules and up to 400 different 
compounds have been identified in the matrix [28]. Therefore, we initially focused on the 
hydrogenation of water soluble pyrolysis oil model compounds to gain information on the 
reaction rates and product composition. 1-hydroxy-2-propanone (acetol, 1) and 1-hydroxy-2-
ethanal (hydroxyacetaldehyde, 2), were selected as both are present in pyrolysis liquid in 
considerable amounts [28]. The influence of temperature (50-90 ˚C), pressure (20-40 bar) and 
initial concentration of the reactants on the reaction rate was studied and a kinetic model for the 
hydrogenation of 2 was developed. Subsequently, the potential of the biphasic homogeneous 
catalytic system to hydrogenate the water soluble fraction of pyrolysis oil was investigated.  
4.2.  Experimental 
4.2.1  Chemicals  
All chemicals were used as received: Tris(triphenylphosphine)- ruthenium(II)dichloride 
(98%, Acros), acetol (1-hydroxy-2-propanone in water, 90 wt.%, Sigma Aldrich), 
hydroxyacetaldehyde, (in the form of glycolaldehyde dimer, 99%, Sigma Aldrich), 1,2-
propanediol (99%, Merck), 1,2-ethanediol (99%, Merck), ethanol (analytical grade,  Merck), 
toluene (>99%, Acros), nitrogen (Aga Gas BV) and hydrogen (99% Hoekloos). Fast pyrolysis 
oil was obtained from the Biomass Technology Group (BTG), Enschede, the Netherlands and 
used as received. The oil  was prepared from beech wood and was produced using rotating cone 
flash pyrolysis technology [29]. 
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4.2.2  Product analysis  
GC analyses were carried out on a HP 5890 GC equipped with a flame ionization 
detector (FID) and an Altech (EC-1000) polar capillary column using a split ratio of 1:50. The 
injection and detector temperature were 280
oC and 300
oC, respectively. A heating program 
from 100°C to 200°C with a rate of 20°C per minute was applied. The reaction products (1,2-
propanediol and 1,2-ethanediol) were identified by comparing the retention time with that of 
the pure components.   
Quantification of compounds 1-4 was done by GC.  Ethanol was used as an internal standard. 
The concentration of the various components was determined using calibration lines.  
1H- and 
13C- NMR spectra were recorded on a Varian AMS 200 spectrometer using D2O 
as the solvent. The spectra were referenced to TMS (δ = 0 ppm).  
4.2.3  Identification of the components present in the water-soluble fraction of pyrolysis oil 
BO (1 mL) was mixed with D2O (2 mL) at room temperature. The resulting turbid 
suspension was centrifuged for 15 min at 1000 rpm. The transparent brown liquid was 
separated from the brown solid and analyzed using 
1H- and 
13C-NMR.  
4.2.4  Hydrogenation of model compounds  
All hydrogenation experiments were conducted in a 350 ml stainless steel batch 
autoclave equipped with an electrical heating jacket and a mechanical overhead stirrer with a 
gas entrainment impeller (Figure 4-1). High stirring speeds were applied (1500-1800 rpm) to 
avoid mass transfer limitations. A typical example of an hydrogenation experiment for 2 (entry 
1 in Table 4-1) is provided below.  
The autoclave was charged with 2 (0.3 g, 5 mmol,), RuCl2(PPh3)3 (0.16 g, 0.167 mmol), 
demi-water (165 mL) and toluene (45 mL). Prior to hydrogen addition, the autoclave was 
flushed three times with nitrogen to remove oxygen from the set-up. Subsequently, hydrogen 
was added until a pressure of 5 bar was reached. The reactor was heated to 90°C. Subsequently, 
the hydrogen pressure inside the reactor was increased to 40 bar. During reaction, samples (1 
ml) were taken from the reactor using a dip-tube. The liquid layers were separated and the 
composition of the water layer was determined using GC and NMR. 
A range of experiments was carried out with temperatures in the range of 50-90 ºC and 
pressures between 20 and 40 bar. Typical reaction times were 24-48 h for the hydrogenations of 
1 and 120-420 min for the hydrogenation of 2.   4-4 Chapter  4 
During all hydrogenation experiments, the pressure drop was less than 3% of the original 
value. 
4.2.5  Isolation of the water-soluble fraction of fast pyrolysis oil 
BO (3.5 g) was added under vigorous stirring to water (55 mL) at room temperature. The 
resulting turbid, milky-brown mixture was centrifuged for 1 hour at 2000 rpm. The brown 
transparent top layer (35 mL) was separated from the residue and used as a substrate for the 
hydrogenation reaction.  
4.2.6  Hydrogenation of the water-soluble fraction of fast pyrolysis oil 
Hydrogenations were carried out in the batch set-up described above (Figure 4-1). The 
reactor was loaded with the water-soluble fraction of pyrolysis oil (35 ml), water (130 mL), 
toluene (45 ml) and catalyst (0.16 g, 0.167 mmol).  The mixture was stirred for 5 h at 40 bar, 
90
oC  
 
Figure 4-1. Batch autoclave set-up (left) and a schematic representation of the G–L–L 
system (right). TI/PI= temperature/pressure indicator. 
Gas 
Induced 
Stirrer     
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Layer with 
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and applying an agitating speed of 1500 rpm. After 5 h, the hydrogen was released and the 
reactor content was cooled down to room temperature. Subsequently, the organic layer and the 
yellow transparent water layer were separated. The water was removed at reduced pressure 
(70
oC, 200 mbar). The resulting brown liquid was analyzed by NMR (D2O). 
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4.2.7  Kinetic modeling  
The kinetic parameters were determined using the Scientist
® software package. An error 
controlled fourth order Runge-Kutta numerical method was applied to solve the differential 
equations. Error minimization to determine the best estimate of the kinetic parameters was 
performed using a simplex algorithm followed by a least squares minimization. 
4.3.  Results and discussion  
In the first stage of this study, the hydrogenation of the water-soluble model compounds 
1-hydroxy-2-propanone (acetol, 1) and 1-hydroxy-2-ethanal (hydroxyacetaldehyde, 2) were 
investigated in a biphasic system (toluene and water, 3.7:1 vol. ratio) with RuCl2(PPh3)3 as the 
toluene soluble catalyst in a batch reactor set-up.  
4.3.1  Hydrogenation of 1-hydroxy-2-propanone (acetol, 1) 
The reaction of 1 (40 bar of hydrogen,  80°C and using 1.1 mol% of catalyst) resulted in 
the selective formation of 1,2- propanediol (3) (GC and NMR, Eq. 1 ). 
 
OH
O
+  H2 OH
OH
RuCl2(PPh3)3
(1) (3)        ( 1 )  
 
No traces of 1-propanol were detected, implying that the catalyst system is not capable of 
hydrodeoxygenating acetol to 1-propanol under these conditions. Hydrogenation products of  
toluene like methylcyclohexane were also not detected, in line with earlier studies using 
RuCl2(PPh3)3 as a hydrogenation catalyst in toluene [30].  
The hydrogenation reaction is relatively slow and the conversion of 1 was limited to 
about 10% after 16.5 h reaction time at 80°C. Higher conversions are possible by adjusting the 
process parameters (vide infra). 
Biphasic hydrogenation of ketones using Ru-catalyst have been reported in the literature 
[31-34]. However, in these cases, the Ru catalyst resides in the water phase by application of 
water-soluble phosphine ligands like Na3TPPTS and the substrate is present in the organic 
phase. To the best of our knowledge, hydrogenation of water-soluble substrates using a L-L 
system with an organic soluble RuCl2(PPh3)3 catalyst has not been reported to date. Our results 4-6 Chapter  4 
show that conversion of water soluble ketones is well possible in biphasic systems using 
organic soluble homogeneous transition metal catalysts. 
4.3.2  Effect of process conditions on the ruthenium catalyzed hydrogenation of 1 
The effect of process conditions (pressure, temperature, reaction time) on the reaction 
rate for the conversion of 1 to 1,2-propanediol (3) was investigated in more detail. For all 
experiments, 1.1 mol% of catalyst was applied while the concentration of 1 was 0.09 mol/l 
water.   
The influence of temperature was studied in the range 30 to 80
oC (40 bar, 16.5 h 
reaction time) and the results are given in Figure. 5-2. As expected, higher temperatures 
lead to higher conversions. The selectivity of the reaction is independent of the 
temperature and 1,2-propanediol was the sole reaction product identified after reaction. 
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Figure 4-2. Temperature influence on X1.  Conditions: P  = 40 bar, 
agitation speed = 1800 rpm, reaction time = 16.5 h   
  
  The influence of the hydrogen pressure on the conversion of 1 was studied in the range 
of 10 and 40 bar, a fixed temperature of 80 °C and 16.5 h reaction time. The conversion of 1 is 
essentially independent of the hydrogen pressure, see Figure. 5-3 for details.   
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Figure 4-3. Pressure influence on X1. Conditions: T= 80~C, agitation 
speed = 1800 rpm, reaction time = 16.5 h. 
 
A number of experiments were performed using prolonged reaction times (T= 60°C, 
P= 40 bar, agitation speed= 1500 rpm C1,0 = 0.09 mol/l). Conversions of up to 22% could be 
obtained after 70 h, see Figure 4-4 for details. This implies that, although the catalyst is rather 
slow, it is remarkably stable under these conditions.  
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Figure 4-4. Acetol conversion as a function of time. Conditions: T= 
60~C, P = 40 bar, agitation speed = 1500 rpm, C1,0 = 0.09 mol L
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4.3.3   Hydrogenation of 1-hydroxy-2-ethanal (hydroxyacetaldehyde, 2) 
Catalytic hydrogenations of 1-hydroxy-2-ethanal (hydroxyacetaldehyde or 
glycolaldehyde, 2) using the homogeneous RuCl2(PPh3)3 catalyst were carried out in a batch 
reactor set-up (T = 90°C, p = 40 bar, 3.3 mol% RuCl2(PPh3)3, water/toluene in a 3.7:1 vol. ratio 
and a substrate concentration of 0.03 mol/l). 2 is highly soluble in water (600 g/L at 25 
oC) and 
resides in the aqueous phase. Whereas 2 is dimeric in the solid state [35], a variety of 
compounds is formed when 2 is dissolved in water [35,36]. For simplicity, 2 is represented as 
the monomeric aldehyde throughout this paper.  
Using the aforementioned screening condition, 2 was selectively hydrogenated to 1,2-
ethanediol (4) (GC, NMR, Eq. 2). 
 
+ H2 HO
OH
(2) (4)
RuCl2(PPh3)3
HO
O
H
         (2) 
 
Hydrogenation of the solvent toluene did not occur under these conditions as is evident from 
the absence of hydrogenation products (GC).  
In addition, ethanol could not be detected in the reaction mixture, implying that 
hydrodeoxygenation of the aldehyde functionality to a saturated hydrocarbon does not occur 
under these conditions. This is in marked contrast with the results obtained when hydrogenating 
an aromatic aldehyde like vanillin using a related Ru-catalyst (RuCl3/TPPTS) [14]. Here, the 
main product was creosol, see Eq 3: 
  
O H
OH
O
H2
45 bar, 45oC
OH
OH
O
OH
O
+
minor major  
                              (Vanillin)                                   (Vanillyl alcohol)        (Creosol) 
 
 
(3) 
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 Apparently,  hydrodeoxygenation  activity  by these homogeneous Ru-catalysts is 
restricted to aromatic aldehydes like vanillin only.  
For one of the batch experiments, the concentration of 2 was measured by periodically 
taking samples from the hydrogenation mixture. A typical conversion-time graph is given in 
Figure 4-5. Typically, full conversion of 2 is observed within 120 min of reaction time. This is 
in marked contrast with the results obtained for the ketone 1, for which much lower activities 
were observed at similar conditions. These findings are in line with hydrogenation experiments 
by Kalck et. al. using cinammaldehyde and benzyl acetone as the substrates and a Ru-TPPTS 
complex as the catalysts. It was shown that aldehydes are much more reactive than ketones [32]. 
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Figure 4-5. Typical concentration profile of 2 during the hydrogenation 
reaction. Conditions: C2, 0 = 0.08 M, T= 90~C, agitation speed = 1500 rpm. 
 
 
 
 
 
 
 
 
4.3.4  Effects of acetic acid on catalyst performance 
Fast pyrolysis oil contains up to 10 wt.% of acetic acid [28]. The presence of this acid may 
influence catalytic performance of the Ru-catalyst by a.o. anion exchange reactions and the for-
mation of Ru-acetate species [37]. To probe the effects of the presence of acetic acid, a number 
of experiments were performed for substrate 2 in the presence of acetic acid (0.025 g, equal to a 
molar Ru to acetic acid ratio of 1:2.5, T=90~C, P=40 bar). The Ru-acetic acid molar ratio 
corresponds to the ratio applied in the hydrogenation experiments of fast pyrolysis oil using the 
RuCl2(PPh3)3 catalyst (vide infra). The results are provided in Figure 4-6. Evidently, the 4-10 Chapter  4 
catalyst is still active in the presence of acetic acid, although activity is slightly lowered. 
Furthermore, the selectivity is also unchanged and 1 ,2-ethanediol is the sole product. The results 
imply that hydrogenation of 2  in the complex pyrolysis oil matrix with acetic acid present 
should be feasible using the selected catalyst (vide infra). 
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Figure 4-6. Concentration of 2 without and with the presence of 
HOAc. Legends: ■: WHOAc= 0 g; ○: WHOAc=0.025 g. 
 
4.3.5  Effect of process conditions on the hydrogenation of 2 
A number of experiments were performed to determine the effects of process conditions 
(initial concentration, temperature, hydrogen pressure) on the reaction rates for the 
hydrogenation of 2. With this information, it is possible to determine the optimum process 
conditions for the hydrogenation of 2 to 4. In addition, the data were applied to develop an 
overall kinetic model for the reaction. An overview of the experiments is given in Table 4-1.  
The effect of hydrogen pressure on the reaction rate was determined at 90°C using two 
different pressures (20 and 40 bar, Table 4-1, entry 1 and 8). The results are given in Figure 4-7. 
Apparently, the pressure does not have a profound effect on the kinetics when performing the 
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reaction at 90°C, indicating that the reaction is zero order in hydrogen. These findings are in 
line with the results for acetol hydrogenation (vide supra). 
 
Table 4-1. Overview of experiments for the hydrogenation of aldehyde 2
a
Entry C2,0 
b
 
 
(mol/L) 
P 
 
 
(bar) 
T 
 
 
(
oC) 
Catalyst 
intake 
 
(g) 
Reaction time 
 (total) 
 
(min) 
Conversion of 2,  
(after t min)  
 
(mol-%)
1  0.03  40  90  0.16  240  62 (30 min) 
2  0.015  40  90  0.16  150  66 (30 min) 
3  0.06  40  90  0.16  180  58 (30 min) 
4  0.08  40  90  0.16  240  54 (30 min) 
5  0.03  40  80  0.16  325  54 (40 min) 
6  0.03  40  60  0.16  240  < 1 (40 min) 
7  0.06  40  50  0.16  220  2 ( 40 min) 
8  0.03  20  90  0.16  120  64 (30 min) 
9  0.03  40  90  0.32  420  66 (30 min) 
a.  all experiments were performed in a batch set-up using a stirrer speed of  1500 rpm 
b.  initial concentration of 2. 
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Figure 4-7 Concentration of 2 versus time at two different pressures. : 
P=20 bar; |: P=40 bar (entry 8, and 1 respectively in Table 4-1), T= 90°C 4-12 Chapter  4 
 
The effect of temperature on catalyst performance was investigated in a temperature 
range of 60-90°C. All other variables were kept constant (Table 4-1, entries 1, 5-6). The results 
are graphically provided in Figure 4-8.  Evidently, the highest reaction rates were observed at 
the highest temperature. Remarkably, a lag time was observed when the reaction was 
performed at 60°C and significant amounts of product were formed only after 50 min of 
reaction time. This suggest that active catalyst formation from the catalyst precursor 
RuCl2(PPh3)3 and hydrogen is relatively slow at 60°C (Scheme 1, vide infra). 
 
Catalyst Activation: 
RuCl2(PPh3)3  +   H2       →      RuHCl(PPh3)3 + HCl 
 
Reaction with Substrate: 
+ H2 HO
OH
(2) (4)
RuHCl(PPh3)3
HO
O
H
  
Scheme 1.  
 
The effect of the initial concentration of 2 on the rate of the hydrogenation reaction was 
probed by  varying the concentration between 0.015-0.08 mol/l while keeping all other 
conditions at constant values (Table 4-1, entry 1-4). The conversion was found between 54 and 
66%.  
To gain insights in the order of the hydrogenation reaction in 2, the concentration-time 
curves were linearised. In case the reaction is first order in 2, a plot of Ln(1-X2) versus the 
batch time is expected to lead to a linear dependency. The results of two experiments (entry 5 
and 6 in Table 4-1) are provided in Figure 4-9. In both cases, two distinct regimes are observed. 
At prolonged reaction times, a clear linear relation is observed, indicating first order behavior. 
However, at low reaction times the reactions are much slower than anticipated on the basis of 
first order behavior. This effect is most likely related to active catalyst formation from the 
catalyst precursor (Scheme 1). It is well possible that active catalyst formation by the reaction 
of RuCl2(PPh3)3 with hydrogen is relatively slow and occurs on a similar time scale as the 
actual hydrogenation of the substrate. This explanation is also supported by the observation that 
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first order behavior is obtained more rapidly at higher temperatures, viz. 20 min at 80°C and 
about 50 min at 60°C (Figure 4-8). 
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Figure 4-8. Product concentration (4) versus time at different temperatures. 
Legends: : 90
oC; |: 80
oC; ∆:60
oC.  (entry 1, 5 and 6 respectively in 
Table 4-1) 
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Figure 4-9. Ln(1-X2) versus the reaction time. Conditions: (a) T=60
oC (b) 
T=80
oC, C2,0= 0.03 M (entry 6 and 5 respectively in Table 4-1)  4-14 Chapter  4 
4.3.6  Mechanistic aspects 
Grosselin et al. have proposed a catalytic cycle (Figure 4-10) for the hydrogenation of 
aldehydes using water soluble homogeneous ruthenium(II) complexes [37]. A similar catalytic 
cycle is proposed here. In the first step, the catalyst precursor RuCl2(PPh3)3 is converted to the 
active catalyst, RuHCl(PPh3)3, by reaction with hydrogen. Subsequent coordination of the 
aldehyde to the metal center followed by an insertion of the C=O double bond in the Ru-H 
bond produces a Ru-alkoxide species. Addition of hydrogen followed by reductive elimination 
results in the formation of the product, 1,2-ethanediol. 
 
  
RuCl2(PPh3)3 + H2
RuHCl(PPh3)3
 HCl
Ru
H
Cl
Ru
Cl H2
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Figure 4 - 10. Proposed catalytic cycle for the hydrogenation of 1 and 
2 using RuCl2(PPh3)3 R= CH3 (1) or H (2); For clarity, phosphine 
ligands are omitted. 
 
The experimental results described in the previous section provide insights in the 
importance of the various steps in the catalytic cycle. First of all, it was observed that, 
especially at low temperatures (T <60°C), catalyst activation is relatively slow and has a major 
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impact on the overall hydrogenation rate. Secondly, the reaction is first order in aldehyde 2 and 
zero order in hydrogen at conditions where catalyst activation is fast (T > 70°C). This implies 
that coordination/insertion of the aldehyde into a Ru-H species (step A/B in Figure 4-10) is the 
rate determining step in the catalytic cycle.   
A number of kinetic studies have been performed on the ruthenium catalysed 
hydrogenation of aldehydes, both in homogeneous as well as in biphasic systems. The order in 
both substrate (S) and hydrogen was found to vary between 0 and 1, see Table 4-2 for details  
 
 
 
Table 4-2. Kinetic data for aldehyde hydrogenations using homogeneous Ru-catalysts 
Substrate  Catalyst  Solvent  Order in substrate  Order in H2 Ref. 
crotonic acid  HRu(TPPTS)3 Water  1 at low [S] 
0 at high [S] 
1 [38] 
propionaldehyde (RuCl2(TPPTS)2)2 Water 1  1  [39] 
cinnamaldehyde RuCl3/PPh3 DMF 
NMP 
1 
0 
1 at low PH2 
0 at high PH2
[40] 
cinnamaldehyde RuCl3/TPPTS Biphasic  0  1  [37] 
 
On the basis of these kinetic data, it is well possible that both hydrogen and substrate 
display saturation kinetics, i.e. a first order dependency at low concentrations and zero order 
dependency at higher concentrations. This suggests that the overall rate law for Ru-catalysed 
aldehyde concentrations may be expressed as the product of two saturation terms (Eq 4). 
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H
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P S cat k
R
+ +
− =        ( 4 )  
 
The observed order in substrate and hydrogen will depend on the value of the terms k2[S] 
and k3PH2 compared to 1. In case both terms are much smaller than 1, the reactions are first 
order in hydrogen and substrate whereas the order becomes zero when both terms are much 
larger than 1. Evidently, mixed combinations are possible as well. Apparently, the reported 
kinetic studies have all been performed in different regimes leading to orders in substrate and 
hydrogen ranging between 0 and 1.  4-16 Chapter  4 
4.3.7  Development of an overall kinetic model for the hydrogenation of 2 
An overall kinetic model was developed for the hydrogenation of 2.  Both catalyst 
activation and the main reaction were taken into account (Scheme 1). Pressure effects were not 
considered and only experiments at 40 bar were used as the basis for the model (Table 4-1, 
entries 1-6 and 8-9). 
When assuming elementary kinetics for catalyst activation, the rate expression for the 
formation of active catalyst reads:  
 
H2 cat act * cat .P .C k' R =           ( 5 )  
 
Here, Rcat
* is the rate of formation of the active catalyst (cat
*) by reaction of 
RuCl2(PPh3)3 (cat) with H2 (Scheme 1). At constant pressure, this relation reduces to: 
 
cat act * cat .C k R =           ( 6 )  
 
 The reaction rate of the main reaction may be expressed as: 
 
β α
2 2
*
cat 2 2 P . .C .C k R H − =          ( 7 )  
 
where α and β are the order in 2 and H2, respectively. The reaction is first order in 2 (vide supra) 
and when performing the reaction at a fixed and constant pressure of 40 bar, β equals zero.   
The effect of temperature on the kinetic constants kact and k2 are expressed in terms of 
modified Arrhenius equations: 
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where TR is the reference temperature, arbitrarily set at 80°C, and kact,R and k2,R are the kinetic 
constants at the reference temperature for catalyst activation and the main hydrogenation 
reaction, respectively.   
When performing the reaction in a batch set-up, the concentrations of 2 and active catalyst (cat
*) 
may be represented as follows: 
*
*
cat
cat R
dt
dC
=           ( 1 0 )  
2
2 R
dt
dC
=           ( 1 1 )  
Eq. 10 and 11, combined with 6-9 were the basis for the kinetic model and used to estimate the 
kinetic parameters. 
4.3.8  Modeling results 
The best estimates of the kinetic parameters (kact,R, EA,act, k2,R and EA2) were determined 
by minimization of the errors between all experimental datapoints and the kinetic model. The 
results are given in Table 4-3. The set consisted of 122 data points (8 experiments, with 13-21 
samples per experiment). Comparisons of the experimental data and the output of the kinetic 
model show a good fit for a broad range of reaction condition (Figure 4-11). A parity chart 
(Figure 4-12) shows the goodness of fit between the experimental and model data. 
 
Table 4-3. Estimated kinetic parameters for the hydrogenation of 2 using 
RuCl2(PPh3)3
Parameter Estimate 
EA,act (kJ/mol)  81 ± 17 
EA,2 (kJ/mol)  80 ± 6 
kact,R  (min
-1) 
b 0.18 ± 0.04 
k2,R  (M
-1.min
-1) 
b 4.1 ± 0.2 
b. The values were determined at a reference temperature (TR) of 80°C 
 
The distinct differences in the shape of the profiles when going from 50°C to 90°C is 
related to the amount of active catalyst present. At 50°C, the concentration of active catalyst is 4-18 Chapter  4 
only 15% of the theoretical maximum after 10 min. reaction time, whereas active catalyst 
formation is quantitative after 10 min at 90°C. 
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Figure 4-11. Modeling results for the hydrogenation of 2 (P=40 bar; agitation 
speed = 1500 rpm). Legends: ▲:C2,o=0.015 M, T=90
oC;  : C2,o=0.03 M, 
T=60
oC; ▼: C2,o=0.08 M, T=90
oC; ○: C2,o=0.06 M, T=50
oC. 
 
 
The value of the activation energy for the main reaction (EA,2) is close to the value 
reported by Basset et al. (80 kJ/mol) for the hydrogenation of propionaldehyde using a 
homogeneous Ru-TPPTS complex in water [39].  
The values of the activation energies also indicate that the hydrogenation experiments 
were carried out in the kinetic regime and were not biased by mass transfer effects. In the case 
mass transfer effects play a major role and interfere with the kinetics, as is well possible in 
biphasic reactive L-L systems, activation energies below 20-30 kJ/mol are expected [41].  
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Fig.  12 Parity plot showing the experimental and modeled 
concentrations of 2. 
 
4.3.9  Hydrogenation of the water soluble fraction of pyrolysis oil using  RuCl2(PPh3)3  
In a separate experiment, the water-soluble fraction of a typical pyrolysis oil was 
hydrogenated using the RuCl2(PPh3)3 catalyst. The water soluble fraction was obtained by 
extracting pyrolysis oil with water. The composition of the water fraction was determined by 
NMR. The main components were acetic acid, ketone 1 and aldehyde 2, in line with literature 
data [28]. Quantification was hampered due to the presence of small amounts of various other 
components. Integration of 
1H- NMR spectra indicate that 1 and 2 are presents in a 0.67 
mol/mol ratio.  
The water-soluble fraction was hydrogenated at 90
oC, 40 bar using the RuCl2(PPh3)3 
catalyst for a reaction time of 5 h. After reaction, the water layer was separated and analyzed by 
NMR. The expected product of the hydrogenation of 2, 1,2-ethanediol (4), was present in 
significant amounts (singlet at δ = 3.30 ppm in 
1H-NMR in D2O), confirmed by spiking with 
pure  4. In addition, 1,2-propanediol (3), the hydrogenation product of ketone 1, was also 
present, as indicated by a doublet at δ 0.95 ppm in 
1H-NMR in D2O. The ratio of 3 and 4 was 
determined by NMR integration and was about 0.08. This result implies that at the conditions 
applied, the conversion of 2 to 4 is much faster than the conversion of 1 to 3. These results are 4-20 Chapter  4 
inline with the hydrogenation results using the model compounds (1 and 2),  which clearly 
indicated that aldehydes are much more reactive than ketones.  
1H-NMR spectra of the starting material also contain several peaks in the 8-10 ppm 
range, indicative for the presence of various aldehyde species other than 2. After hydrogenation, 
these peaks have fully disappeared, a clear indication for aldehyde reduction. These findings 
imply that even in a complex matrix with a variety of organic molecules, biphasic 
hydrogenations using a homogeneous Ru-catalyst allow the reduction of aldehydes and ketones 
to the corresponding alcohols. On the basis of our studies, an upgrading concept for pyrolysis 
oil at mild conditions could be envisaged (Figure 4-12). Further process optimization studies, 
with as strong focus on achieving high catalyst productivities, will be required to determine the 
economic feasibility of this concept.  
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Figure.  13. Preliminary process flow diagram for the mild hydrogenation of BO using a 
homogenous transition metal catalyst.  
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4.4.  Conclusions  
Proof of principle for the upgrading of pyrolysis oil by hydrotreatment at mild conditions 
using a homogeneous Ru- catalyst in a two phase aqueous organic system has been shown. The 
reaction is a rare example of a biphasic water/organic hydrogenation system using an organic 
phase soluble catalyst and water soluble substrates. Upon reaction, the amounts of reactive 
aldehydes in the pyrolysis oil are reduced significantly, which is expected to have a positive 
effect on the product properties. A process concept is proposed to apply these findings on a 
larger scale.  
Model studies showed that 1-hydroxy-2-propanone, 1 and 1-hydroxy-2-ethanal, 2, both present 
in significant amounts in pyrolysis oil, are selectively hydrogenated to 1,2-propanediol and 1,2-
ethanediol, respectively. The influence of the temperature (50-90˚C), pressure (20-40 bar) and 
initial substrate concentration on the reaction rates were investigated. Both reactions were first 
order in substrate and zero order in hydrogen, suggesting that coordination/insertion of the 
substrate to an unsaturated Ru-H is the rate determining step in the catalytic cycle. Activation 
of the catalyst precursor RuCl2(PPh3)3 to an active Ru compound by the reaction with H2 is an 
important step in the catalytic cycle that controls the overall hydrogenation rate at  temperatures 
below 60°C. An overall kinetic model for the hydrogenation reaction, including the catalyst 
activation step, was developed. 
 
 
4.5.  Nomenclature 
    
C1 mol·laq
-1 Acetol (1) concentration 
C2 mol·laq
-1 Hydroxyacetaldehyde (2) concentration 
C2,0 mol.laq
-1 Initial Hydroxyacetaldehyde (2) concentration 
Xi
  Conversion of component i 
Ccat mol.Ltoluene
-1  Catalyst precursor concentration 
Ccat
* mol.Ltoluene
-1 Active catalyst concentration 
PH2 bar Hydrogen  pressure 4-22 Chapter  4 
Rcat* mol.L
-1.min
-1 Reaction rate of catalyst activation 
R2 mol.L
-1.min
-1 Reaction rate of the hydrogenation of 2 
t min  Reaction  time 
k2 min
-1 Kinetic constant of the hydrogenation of 2  
kR min
-1 Kinetic rate constant of the hydrogenation of 2 
at T=TR
k’act min
-1.bar
-1 Actual rate constant for catalyst activation 
kact min
-1 Pseudo first order rate constant for catalyst 
activation 
Eaact J.mol
-1 Activation energy for catalyst activation  
EaR2 J.mol
-1 Activation energy for the hydrogenation of 2 
TR K  Reference Temperature, 353 K 
R J.mol
-1.K
-1 Ideal gas constant, 8.314 J.mol
-1.K
-1
α    Order of reaction in 2  
β    Order of reaction in hydrogen  
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 CHAPTER 5 
Upgrading of Flash Pyrolysis Oil by Reactive Distillation using a 
High Boiling Alcohol and Acid Catalysts 
 
5.1  Introduction 
Anticipated future energy shortages and environmental concerns have boosted research on 
alternatives for fossil energy carriers [1]. This has encouraged the exploration of renewable 
resources like biomass for energy generation. Flash pyrolysis oil, also known as bio-oil (BO), is 
a biomass-derived liquid energy carrier. It is produced via flash pyrolysis technology in yields 
up to 75%-wt [2-7]. A large variety of applications for BO have been proposed [8]. Examples 
are the use as a fuel in boiler systems, stationary diesel engines, gas turbines, and Sterling 
engines. However, poor volatility, high viscosity, coking and corrosiveness of crude BO have 
limited the applicability for the application mentioned above. A number of BO upgrading 
technologies have been proposed to improve the product properties and to increase the range of 
possible applications. Examples are a.o. hydrocracking or hydrodeoxygenation [9-12]. For the 
latter, hydrogen consumption is excessive which negatively affects the economics of this 
process. 
Alternatively, a number of studies have been reported dealing with chemical upgrading of 
crude bio-oil by reacting it with an alcohol (e.g. ethanol) at mild conditions using a liquid 
mineral acid catalyst, like sulphuric acid [13-16]. From a chemical point of view, it is 
anticipated that reactive molecules like organic acids and aldehydes are converted by the 
reactions with alcohols to esters and acetals, respectively (Figure 5-1). Removal of water is 
essential to drive the equilibria to the right (product) side. For this purpose, Radlein et. al. [15] 
have proposed the use of molecular sieves to capture the water (reactive-adsorption). Analyses 
of the derived bio-oil product show that the product properties were significantly improved by 
this alcohol treatment.   
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Figure 5-1. Reactions involved in bio-oil alcoholysis. (1) Acetalization, (2) 
Esterification. 
 
We here propose an alternative upgrading technology for BO based on reactive distillation 
using a high boiling alcohol in the presence of an acid catalyst. The objective is to produce an 
upgraded BO with improved properties like a higher heating value, a lower water content, 
lower viscosity and lower free acid content. In this new concept, the water in the crude BO as 
well as the water produced by the various chemical reactions (Figure 5-1) are removed 
simultaneously (by distillation) in a single step. This will drive the equilibria to completion and 
is expected to lead to a.o. reduced acidity. To prevent excessive alcohol evaporation, alcohols 
with a boiling point higher than water are required. n-Butanol was selected as the alcohol of 
choice as it is available from renewable resources by fermentation processes [17-19]. 
  A solid catalyst, instead of a liquid inorganic acid, can also be employed and this 
significantly simplifies product work-up. Our study will focus on: (1) demonstration of the 
concept, (2) screening studies on the type of high-boiling alcohols and acid catalysts and (3) 
determination of the product quality of the upgraded pyrolysis oil (kinematics viscosity, water 
content, pH, density and heating value).  
5.2  Experimental 
5.2.1  Materials 
Bio-oil. The crude BO was kindly provided by the Biomass Technology Group (BTG), 
Enschede (The Netherlands), using rotating cone flash pyrolysis technology. The oil employed 
in this study originated from beech (production date: 19-04-2004) and was used as received. 
The properties of the crude bio-oil are summarized in Table 5- 1.    Upgrading of Bio-oil by Alcoholysis by Reactive-distillation   5-3 
 
Table 5-1. Properties of crude BO. 
Property Value  Unit 
Water content  31.5   % wt 
Density 1.17  kg/L 
pH 3.0   
Elemental analysis  (wet basis) 
C 
H 
N 
O (by difference) 
 
35.80 
8.38 
- 
55.82 
 
%-wt 
%-wt 
%-wt 
%-wt 
High heating Value (HHV), dry basis  20.6  MJ/kg 
Kinematics viscosity 
313 K 17 mm
2/s 
Flash point  326  K 
 
Alcohols.  Ethylene glycol, n-butanol and 2-ethyl-hexyl alcohol (EHA) from Acros 
Organics (purity >99%) were used in this study.  
Catalysts.  Potassium hydroxide pellets (>99%, Merck), sulfuric acid (95-97 wt.%, 
Merck) and hydrochloric acid (37 wt.%, Merck) were used as purchased. The solid acid catalyst 
Nafion
® SAC-13 was obtained form Aldrich (99%).  
5.2.2  Reactive-distillation setup and procedures 
The reactive-distillation experiments were carried out in a Dean-Stark laboratory set-up 
consisting of a three-neck round bottom glass flask (250 ml) equipped with magnetic stirrer, a 
Dean Stark set-up and a glass condenser. The temperature in the reactor was measured using a 
thermometer; the pressure in the set-up was controlled using a vacuum-controller (Vacuum-
Controller 220). The reaction mixture was maintained at the desired temperature using a water 
bath. A schematic diagram of the reactive distillation set-up is shown in Figure 5-2. 
Typically, BO (50 ml) and n-butanol (50 ml) were charged into the reactor vessel. The 
reaction mixture was heated to the desired temperature (323-353 K). Subsequently, the catalyst 
(1.6 wt %) was added. The pressure was reduced to the desired setting, typically 5 ± 0.05 kPa. 
The starting of the reaction was set at the time for formation of the first drop of distillate in the 
condensor. A typical reaction time was 60-120 min. 
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Figure 5-2. Batch reactive distillation set-up. 
A= Acid/Aldehyde, B =  Alcohol, E=Ester, acetal, W=Water 
A A   + +   B B      ⇄ ⇄      E E   + +   W W   
L, xi,…,xj
V, yi,…,yj
Reactor 
Settler 
Condenser 
Hot 
Water 
Cold 
Water 
P,T 
Heating 
Medium 
C Cl lo os se ed d   S Sy ys st te em m   
E Es st te er rs s   a an nd d   
A Al lc co oh ho ol l   R Ri ic ch h   
P Ph ha as se e   
W Wa at te er r   R Ri ic ch h   
P Ph ha as se e   
V Va ac cu uu um m   P Pu um mp p   
 
After reaction, the product was analyzed not later than one day afterwards to avoid 
possible changes in the product composition. All samples were stored at 255 K in a refrigerator 
to prevent further reactions upon storage.          
5.2.3   Analytical methods and terminology 
5.2.1.1  Water content 
The water content of the samples was determined using a Karl-Fischer titration (702 
SM Titrino, Metro-Ohm). The samples were dissolved in Hydranal solvent (Riedel-de-Haen) 
and titrated using Hydranal Composite 5 (Riedel-de-Haen). The amount of water produced 
during the reaction (WR) was used to evaluate catalysts performance (Eq 1).  It is based on a 
water mass balance, and it takes into account the water present in the initial BO-n-butanol 
mixture (xo), product (xp) and distillate (xd): 
o o d d p p R x W x W x W W − + =   , in g                                     (1)   Upgrading of Bio-oil by Alcoholysis by Reactive-distillation   5-5 
The amount was normalised on the initial amount of water in the BO-n-butanol mixture  
 
o o
o o d d p p
R x W
x W x W x W
ΔW
− +
= ,   i n   % - w t       ( 2 )  
where, Wi is the mass of a certain fraction i (g) and xi is water amount (wt%) in a fraction i and 
subscripts R, p, d, and o stand for water produced during reaction, in the product, distillate, and 
initially present in the BO-n-butanol mixture, respectively. The overall mass balance 
calculations indicate that losses were always less then 2 wt% of the total intake. In the mass 
balance calculations, it is assumed that the losses were due to evaporation and as such were 
included in the distillate fraction. 
5.2.1.2  Viscosity 
The dynamic viscosity of the product was measured at 313 K using a cone and plate 
rheometer (Rheolyst AR-1000 N). The kinematics viscosity was calculated using: 
 
ρ
η
= ν , in mm
2.s
-1         ( 3 )  
where ν is kinematic viscosity (mm
2/s, or cSt),  η is dynamic viscosity (mPa.s) and ρ is density 
(kg/dm
3). Density was determined by weighing a predetermined volume of products. 
5.2.1.3  Acidity 
The acidity was evaluated by direct pH measurement of the oily mixture using a pH-
meter (Metro-Ohm) with a KCl electrode for ion-poor media. The electrode was directly 
immersed into the samples.  
5.2.1.4  Flash point 
The flash point was determined using a Miniflash FLP (Grabner Instruments). The 
measurement was based on ASTM method D6450.  Each sample was measured twice and the 
average values are reported. 
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5.2.1.5  Elemental analysis and caloric value (HHV) 
The elemental compositions of the main elements in the samples (C and H) were 
determined using an Elemental Analyzer (Flash EA 1112,  CE Instruments). The oxygen 
content was calculated from the differences.  
The high heating value (HHV in MJ/kg) of the product samples was calculated using 
the following relation [20]. 
 HHV =   ⎟
⎠
⎞
⎜
⎝
⎛ − +
8
x
x . 28 . 144 x . 82 . 33
O
H c      ( 4 )  
where xC, xH and xO are the carbon, hydrogen and oxygen content (wt %), respectively.   
 
5.3  Result and discussion 
5.3.1  Introduction of the reactive-distillation concept for bio-oil upgrading 
The method consists of performing the reaction between BO and the alcohol by 
reactive distillation. The method requires an alcohol with a boiling point higher than water. To 
prevent solidification/polymerization of the BO at elevated temperatures, the procedure is 
applied under reduced pressure. Our proposal is conceptually different from the concept 
reported by Radlein et. al. [15], which is an example of reactive adsorption using molecular 
sieves to remove the water. A comparison between both methods is given in Table 5- 2. 
 
Table 5-2.  Comparison of BO upgrading methods by alcohol treatment: reactive adsorption and reactive 
distillation. 
Process   Reactive adsorption using 
Molecular Sieve [15] 
Reactive distillation using high boiling alcohol, this 
work 
Alcohol  Low b.p. (<373 K): ethanol, 
propanol, etc. 
High b.p (>383 K). Butanol, ethylene glycol, etc. 
Processing aid   Molecular sieves, relatively 
large amount per BO used 
Catalyst, relatively small amount per BO used 
Conditions  293-343 K, atmospheric  293-343 K, reduced pressure 
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Initially, the concept was tested using n-butanol and H2SO4 as a catalyst at 333 K and 
5 kPa pressure (base case). n-Butanol was selected as a green version is available by 
fermentation of renewable resources like corn based starch using Clostridium beijerinckii 
[19,21-24].  The results are compared with a blank experiment without catalyst addition. As BO 
is a complex matrix with more than 400 different chemical compounds present, it is difficult to 
evaluate the catalyst performance based on the conversions of individual components [3]. 
However, the amount of water can be accurately quantified by means of a Karl Fischer titration. 
Therefore, we employed the amount of water produced by the reactions per initial water 
contained in the crude BO as an indicator for catalyst performance (ΔWR in wt%, see Eq. 2). 
H2SO4 96% no cat
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Figure 5-3. ΔWR with and without catalyst. Conditions: T=333 K, P=5.0 kPa, tr=60 
min. 
 
Figure 5-3 shows the water produced by chemical reactions for two cases. Significant 
amounts of water were produced when H2SO4 was employed as the catalyst. An overall and 
water mass balance for the treatment procedure using sulfuric acid is schematically provided in 
Figure 5-4.  
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Figure 5-4. Schematic diagram of the reactive-distillation with mass balance 
data. Conditions:  1.6 wt% H2SO4, T=333 K, P=5.0 kPa, tr=60 min.. 
Bio-oil = 56.6 g  
n-Butanol =  40.5  g 
Distillate = 17.8 g  (18.0 %) 
Product = 81.2 g (82 %) 
Xwater  =  10.1 wt% 
Xwater  =  78.5 wt% 
Xwater  = 31.6 wt% 
Xwater  < 0.01 wt% 
Feed = 98.7 g 
(100%) 
Xwater = 18.2 wt% 
Cat. H2SO4 = 1.6 g  
Xwater  = 0.04 wt% 
 
Even in the absence of a catalyst, such water producing reactions occur (ΔWR =6 wt%), 
although to a significantly lesser extent than in the presence of H2SO4. This is likely due to the 
inherent acidic nature of BO (pH ca. 3). The organic acids present in the matrix (acetic acid, 
propionic acid) likely also auto-catalyze the esterification and acetalization reactions.   
5.3.2  Product Properties 
The BO product properties (kinematic viscosity, pH, HHV and water content) were 
evaluated before and after treatment (Figure 5-5). Physical appearance (e.g. colour) of the 
products were close to that of the original pyrolysis oil. However, the odor changed 
dramatically, i.e. from smoky pungent to banana like. This change is due to the formation of 
butyl esters of organic acids (vide infra) that have a very typical sweet, banana like odor.   Upgrading of Bio-oil by Alcoholysis by Reactive-distillation   5-9 
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Figure 5-5.  Product properties before and after reactive distillation with n-butanol. (a) Kinematic 
viscosity, (b) pH, (c) HHV (dry bases), and (d) water content. Conditions: T=333 K, P=5.0 kPa, tr= 60 
min.  
 
The water content of the treated bio-oil with H2SO4 was reduced from 30 wt% to 10.1 
wt% (Figure 5-5d). Evidently, this reduction is due to blending with n-butanol as well as due to 
removal of water by evaporation. Further reduction in the water content of the product to 4.9 
wt% was obtained at prolonged reaction times (2 h).   
Significant reductions in the water content of the product (to 14 wt%) were also observed 
in the absence of a strong mineral acid catalyst (Figure 5-5d), although less than with added 
catalyst. Here, also a liquid product without solid deposits was obtained. This is rather 
remarkable as it is well known that fractionation of crude BO is difficult and invariably leads to 
excessive decomposition and the formation of large amounts of solid by-products [3]. This 
work implies that distillative work-up with a co-diluent even in the absence of a mineral acid is 
possible without negatively affecting the product properties.  
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The pH of the treated BO drops from 3.0 to 0.5 when using 1.6 %wt H2SO4 as the 
catalyst. Therefore, an additional neutralization step will be required before application. This 
additional process step may be avoided when using a solid acid catalyst (vide infra). In the 
absence of sulfuric acid, the pH of the product is slightly higher than the original bio-oil (Figure 
5-5). This is due to the diluting effect of n-butanol as well as the occurrence of esterification 
reactions, catalyzed by organic acids present in BO (Figure 5-1).  
The HHV of the product (27.7 MJ/kg) prepared using sulfuric acid is considerably 
higher than the HHV of the original BO (20.6 MJ/kg). This increase is the result of the reduced 
water content of the product and the presence of n-butanol (HHV: 37.5 MJ/kg).  
  The kinematic viscosity of the product after alcohol treatment is positively affected and 
is reduced from 17 to ca. 10 mm
2/s when H2SO4 is applied as the catalyst (Figure 5-5-a). This 
reduction is likely due to the diluting effect of n-butanol and less to the occurrence of chemical 
reactions. 
5.3.3  Molecular aspects  
  When the reactions depicted in Figure 5-1 occur, significant amounts of water will be 
formed. This was indeed the case when using sulfuric acid as the catalyst (Figure 5-3). Further 
evidence for the occurrence of the esterification reactions was obtained when analyzing the 
distillate by GC/MS. Significant amounts of n-butylacetate as well as n-butylesters of higher 
organic acids like propionic- and butanoic acid, were present, indicative for the occurrence of 
reactions between organic acids and n-butanol. 
5.3.4  Alcohol screening 
  Besides n-butanol, two other relatively high boiling alcohols were tested, i.e. 
ethyleneglycol (b.p. 470.6 K) and 2-ethylhexyl alcohol (EHA, b.p. 459 K). An experiment with 
EHA (333 K, 5 kPa) resulted in the formation of a liquid product. However, upon standing at 
room temperature for one day, solid deposits were formed, making EHA less suitable for 
applications.    Upgrading of Bio-oil by Alcoholysis by Reactive-distillation   5-11 
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Figure 5- 6. Effect of type of alcohol on water produced by reactions (a) and kinematic 
viscosity of the products (b). Conditions: T=333 K, P=5.0 kPa, tr=60 min. 
 
More encouraging results were obtained with ethylene glycol (Figure 5-6). The amounts 
of water produced by reaction of BO with ethylene glycol was similar to that for n-butanol (24 
wt%) when using sulfuric acid. On the other hand, in the absence of catalyst, more water was 
produced by chemical reactions (12 wt%) compared to n-butanol (6 wt%). This finding may be 
related to the higher amounts of alcohol groups per mol of alcohol present for ethyleneglycol 
leading to higher reaction rates.  
A major drawback of the application of ethylene glycol is the relatively high viscosity of 
the upgraded bio-oil, which is more than twice the value for n-butanol (Figure 5-6b). 
 
5.3.5  Catalyst screening 
Besides sulfuric acid, also a base (KOH) was tested for a reactive distillation experiment 
with n-butanol. The results are given in Table 5- 3. When using KOH, significant amounts of 
water were produced by chemical reactions (ΔWR= 4 wt%). However, this amount was lower 
than for a reaction without catalyst (ΔWR = 6 %). The pH of the product using KOH was still 
slightly acidic. It implies that the amount of added KOH is insufficient to neutralize all the 
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organic acids present in the BO. Hence, instead of creating a basic environment, the 
experiments were still performed under acidic conditions. Therefore, the water produced by 
chemical reactions likely originates form acid catalyzed esterification and acetalization 
reactions.  
Table 5- 3. Catalyst screening  
Catalyst  ΔWR, % wt
a product pH
a
H2SO4  (96%)  23.9  0.5 
no cat.  6  3.1 
KOH 4  5.5 
aConditions: T=333 K, P=5.0 kPa, tr=60 min. 
 
When using a mineral acid, the product pH is far from neutral and below target. To 
prevent a subsequent neutralization step, we envisaged the use of solid acid catalysts. Solid 
catalysts have been widely used to catalyze esterifications and other liquid phase acid catalysed 
reactions [25-34]. For initial screening studies, Nafion
® SAC13 [25,33,34] was selected to 
overcome the low product pH and the catalyst recycle-ability problem when using homogenous 
acids like H2SO4. The results using 1.6 wt% of catalyst (on BO-n-butanol) are presented in 
Figure 5-7.  
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Figure 5-7. Catalyst performance (ΔWR) for H2SO4  and Nafion SAC 13 
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The performance for Nafion SAC 13 was lower than for sulfuric acid. Apparently, the 
catalytic effect of Nafion on the esterification and acetalisation reactions depicted in Figure 5-1 
is less than for sulfuric acid. However, there is a clear catalytic effect of Nafion as the amount 
of water produced is higher than for the blank without catalyst addition. This relatively low 
activity is likely due to the relatively low number of acid sites (ca. 0.2 – 1.0 meq/g [35,36]) on 
Nafion compared to H2SO4 (20.4 mmol [H
+]/g as calculated by de-protonation equlibria). 
Additionally, limited accessibility of the reactants to the active acid sites on the porous support 
may also affect the overall reaction rates.  
  Although the performance of Nafion is lower compared to sulfuric acid, the pH of the 
product is significantly higher (pH= 3.2 vs. 0.5 for sulfuric acid).  The pH of the product using 
Nafion is slightly higher than the starting BO, implying that conversion of the organic acids in 
the BO matrix is still far from quantitative. In conclusion, these screening studies indicate that 
solid acid catalysts have high potential for the reactive distillation concept, although 
optimization studies are required to achieve further reductions in product acidity and water 
content. 
 
Table 5-4. Product properties of crude Bio-oil, upgraded Bio-oil, diesel and biodiesel.
 
Physical property  Bio-oil  Upgraded Bio-Oil
a Upgraded Bio-Oil
a Diesel  Bio diesel 
Catalyst -  Nafion
®SAC13 H2SO4 - - 
Kin. viscosity40 ‘C, mm
2/s  17.0  7.0  7.6  1.2 – 4.1  1.9 – 6.0 
Water content, %wt  31.5   8.7   4.9   161 ppm  <0.05 %vol 
Flash Point, K  326  318  318  333 – 353  373 – 443 
Density, kg/L  1.17  0.95  0.96  0.85  0.88 
pH 3.0  3.2  0.5  7.0  7.0 
HHV (dry basis), MJ/kg  20.6  28.7  27.7  n.a.  n.a. 
aConditions: 50%vol n-Butanol, T=333 K, P=5.0 kPa, tr=120 min.  
 
An overview of the product properties of the upgraded BO obtained using Nafion and 
H2SO4 are summarized in Table 5- 4 and compared with petroleum diesel and (FAME) bio-
diesel. Some improvements are clearly shown when using Nafion SAC13. For example, the 
viscosity is reduced considerably and the water content is reduced to 8.7%, leading to a 
considerable improvement of the HHV to 28.7 MJ/kg . 
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5.4  Conclusions 
A new method for upgrading BO is reported consisting of treating pyrolyis oil with a high 
boiling alcohol like n-butanol in the presence of a (solid) acid catalyst at 323-353 K under 
reduced pressure (< 10 kPa). In this way, water can be continuously removed from the reaction 
medium, and the desired reactions (esterification and acetalisation) are driven to completion. 
Using this approach, the water content of the pyrolysis oil is reduced significantly and values 
less than 5 wt% were obtained using sulfuric acid. 
Very promising results were also obtained with a solid acid catalyst, Nafion
® SAC13. 
With this catalyst, a subsequent neutralization step after treatment is avoided.  Further 
systematic experimental studies combined with extensive modeling studies will be required to 
optimize the concept and to determine the optimum process conditions. These studies as well as 
engine tests are currently in progress. 
 
5.5  Nomenclature 
  
HHV  High Heating Value (on dry basis), MJ/kg 
ΔWR Water produced by reactions, wt% 
Wd Amount of distillate, g 
Wo Amount of initial bio-oil-alcohol mixture, g 
Wp  Amount of product, g 
xC C (carbon) content in the product, wt% 
xd Water fraction in distillate, wt% 
xH H (hydrogen) content in the product, wt% 
xO O (oxygen) content in the product, wt% 
xi Fraction of component i in the product, wt% 
xo Water fraction in the starting material, wt% 
  
Greek symbols 
ηi Dynamic viscosity of component i, 10
-3 Pa.s 
ρi Density of component i, kg.L
-1
νi Kinematic viscosity of component i, mm
2.s
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 CHAPTER 6 
Acetic Acid Recovery from Fast Pyrolysis oil. An Exploratory Study 
on Liquid-Liquid Reactive Extraction using Aliphatic Tertiary Amines. 
 
6.1  Introduction 
Increased consumption of fossil fuels in the last century has created considerable 
environmental problems (i.e. green gas house emissions) and resulted in a significant increase 
in the price of crude oil. This has encouraged the exploration of renewable resources like 
biomass for energy generation. Flash pyrolysis oil, also known as bio-oil (BO), is a biomass-
derived product. It is produced via flash pyrolysis technology yielding up to 70%-wt of BO. BO 
is a complicated mixture of a wide variety of organic compounds belonging to different 
compound classes (acids, ketones, aldehydes, phenolics).  BO also contains significant amounts 
of water and values between 15-30 wt% have been reported. The possible applications of the 
BO are large, like the use as a bio-fuel for boilers, co-firing in power plants, as a green liquid 
transportation fuel or as a source for valuable chemicals [1].   
Crude BO as such is not suitable as a fuel for stationary and non-stationary combustion 
engines and upgrading is required. The rather acidic nature of BO (pH ca. 2.5-3.0), caused by 
the presence of large amounts of organic acids (acetic acid, propionic acid), is considered a 
critical issue. Acetic acid levels up to 8-10%-wt have been reported [2], although the actual 
level depends on the feedstock and processing conditions. The acidity (pH ranges from 2 to 3) 
limits its application due to extensive corrosion a.o. of the Acetic acid is an important industrial 
commodity with a world wide production of over eight million tons per annum [4]. The 
demand for acetic acid has accelerated over the past few years [5, 6] due to increased demands 
for derivatives like vinyl acetate monomer (VAM). Currently, acetic acid is mainly produced 
from non-renewable feedstocks, e.g. by methanol carbonylation [6]. Market prices of acetic 
acid (1.2 $/kg, 2006 level) are considerably higher than price predictions for BO (0.05-0.15 
$/kg). Therefore, extraction of acetic acid from the BO could, besides improving the product 
properties, also significantly boost the economic attractiveness of BO. In addition, such a 
process could be integrated with an upgrading process for fuel production. [1].   
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Figure 6-1.  Integrated chemical (acetic acid) and fuel production  
 
Various technologies have been reported for the separation of organic acids from complex 
mixtures. Examples are (catalytic) distillation [7], adsorption using ion-exchange resins [8], and 
micro emulsion liquid membrane separation [9]. However, none of these techniques seems to 
be applicable and/or compatible with a highly viscous, thermally not very stable, complex 
material like BO.  
Reactive liquid-liquid extraction (RLLE) of carboxylic acids by suitable extractant could 
be a promising alternative [10-18]. Aliphatic tertiary amines in organic solvents are powerful 
extractants for carboxylic acids.. Reactive-extraction using these tertiary aliphatic amines as 
extractants is commonly used for the recovery of carboxylic acids from aqueous mixtures such 
as fermentation broths and waste water streams. Examples are the extraction of citric and lactic 
acid from fermentation broths [10, 12]. For citric acid, the extraction was carried out with a 
long-chain tertiary amine in a hydrocarbon (kerosene, dodecane) solvent. After extraction, the 
acids are typically recovered by back extraction with hot water or distillation of the organic 
phase.   
This study describes the recovery of acetic acid from BO by reactive-extraction using 
tertiary amines. To the best of our knowledge, this technique has not been applied to recover 
organic acids from BO. Factors affecting the extraction efficiency like the type and 
concentration of amines and co solvents were investigated. Two different BO sources were 
applied (i) crude BO derived directly from a flash pyrolysis process, and (ii) the aqueous layer 
of a thermally treated BO.  
  
6.2  Experimental section 
6.2.1  Materials and analytical methods 
Materials. Crude bio-oil and the aqueous fraction of a thermally treated water fraction 
of BO were kindly provided by the Biomass Technology Group, B.V. (BTG). The crude BO   Acetic Acid Recovery from Fast Pyrolysis oil   6-3 
was obtained by flash pyrolysis of beech wood in a rotating cone reactor [19]. The aqueous 
fraction of a thermally treated pyrolysis oil was obtained by treatment of BO at 300-340
oC and 
140 bar. The acetic acid level in the aqueous phase was 6.2 wt%. tri-n-Octylamine (TOA) and 
tri-dodecylamine (TDDA) were acquired from ACROS (98.0% purity). Tetrahydrofuran, 
hexane, octane and dodecane (all > 99.0% purity) and pet-ether were also purchased from 
Across Organics.  
Analysis. Acetic acid and TOA concentrations in the various phases were quantified 
using GC-FID. An Hewlett Packard (5890 series II) gas chromatograph equipped with a fused 
silica column (CB–FFAP, 30 m x 0.32 m x 0.25 µm) and helium as carrier gas was applied. 
GC/FID conditions were as follows: oven temperature 250
oC; heating rate 10
oC/min, Injector 
temperature 300
oC, 100:1 split ratio, Initial time 1 min.; final time 5 min. The acetic acid-
tertiary amine complex was not detected in the GC-chromatograms due to reversible 
decomplexation in the GC at elevated temperatures and separate peaks for acetic acid and the 
tertiary amine were observed.   
  
Quantification of acetic acid in the amine phase 
An internal standard solution for calibration (henceforth called THF-IS mixture) was 
prepared by dissolving hexadecane (internal standard, 160 mg) in THF (160 g). Subsequently, 
acetic acid calibration samples were prepared by the addition of the THF-IS mixture (0.72 g) 
into mixtures of BO (7.2 mg) and acetic acid (0.0 mg, 0.9 mg, 2.0 mg, 3.7 mg and 8.2 mg). The 
calibration samples were analysed using GC-FID (duplo run) to generate a calibration curve for 
acetic acid. To quantify the acetic acid in the amine phase, 0.72 g THF-IS was added to 7.2 mg 
of the amine phase. The acetic acid content was determined by comparing the area of the acetic 
acid signals of the samples with that of the calibration curve. All analysis were carried out in 
duplo. 
 
Quantification of TOA in BO phase 
The calibration curve for TOA in the BO-phase was prepared by GC-FID analysis of 
mixtures prepared from BO (1.0 mg), THF-IS (0.72 g), and TOA (0, 1.93 mg, 3.4 mg and 4.6 
mg). All analyses were carried out in duplo. For TOA quantification in the BO phase after 
extraction, 1 mg of the BO phase was added to the 0.72 g of THF-IS mixture. The quantity of 
TOA was determined by comparing the area of the TOA signals with that of the calibration 
curve.  
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6.2.2  Typical experimental procedure for reactive-extraction of acetic acid from BO 
The experiments were carried out in two experimental set-ups, differing in size and the 
method of stirring of the L-L system. 
a. Reactions in a batch reactor with overhead stirring (Method A) 
Typically, equal volumes of BO and a solution of TOA in an appropriate solvent (each 
100 ml) were mixed in a 500-ml batch reactor using a Rushton turbine (1000 rpm) at 
atmospheric pressure and room temperature (T = 293 K). Samples of both layers were taken in 
time (t = 10, 15, 30, 60 and 120 minutes and 3 h). At the end of the extraction process, the two 
liquid phases allowed to settle and were separated using a separation funnel. Both liquid phases 
were analyzed and weighed to determine the mass balances for the various species. 
 
b. Reactions in small glass vials using external stirring (Method B) 
Typically, equal volumes BO (2.5 ml) in a co-solvent (2.5 ml) and a solution of TOA 
(2.5 ml) in a suitable organic solvent (2.5 ml) were added to a glass vial (20 mL). The vials 
were placed in a rotator device (Stuart scientific rotator, STR 4 series) and rotated at room 
temperature and maximum rotor speed (55 rpm). After 16 hr, the two liquid layers were 
separated. Both liquid phases were analysed and weighted to determine the mass balances for 
the various species. 
6.2.3  Terminology and theory 
Organic acid extraction from aqueous mixtures using tertiary amines is a well 
established procedure. It is generally accepted that it involves transfer of the organic acid in its 
non-dissociated form from the aqueous phase to the organic phase and reaction in the organic 
phase with a dissolved tertiary amine that acts as extractant (Figure 6-2). Typically, a-polar 
organic solvents like hexane or kerosene are used for this purpose. 
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Figure 6-2. Schematic representation of reactive-extraction of an acid in 
an aqueous phase using tri-octylamine in an organic phase.  
 
Acid-amine complexes are formed upon reaction [15,20]. This reaction is known to be 
reversible. Various types of acid-amine complexes may be formed differing in stoichiometry, 
i.e. (1,1) complexes with one amine and acid, (1,2) complexes and higher aggregates (1,3) and 
(2,3) . Due to (rapid) complex formation, the rate of mass transfer of the organic acid is 
enhanced [21]. This leads to higher extraction efficiencies and KD values compared to physical 
extraction in the absence of an extractant. The locus of the reaction for such aqueous system is 
most likely the organic phase, because of the low solubility of TOA in water. This description 
of reactive extraction of acetic acid likely also holds for the extraction of acetic acid from the 
aqueous phase of a thermally treated BO. However, a different situation may occur when 
extracting organic acids from crude BO with TOA dissolved in an organic phase. BO contains 
hundreds of oxygentated compounds belonging to several organic compound classes (acids, 
aldehydes, ketones, phenolics, some hydrocarbons, water). As such, its composition and 
physical properties are considerably different from that of an aqueous phase.  
In this paper, the amount of acetic acid transferred from the BO layer to the amine layer 
during the extraction process is defined as the extraction efficiency (ηE) and follows from: 
x100% aq
acid
org
acid
E
w
w = η   (1) 
 
w
org
acid  = weight (g) of acetic acid in the organic phase after extraction      
w
aq
acid = weight (g) of acetic acid in the original BO source before extraction 
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Another measure for extraction performance is the distribution coefficient (Kd), which is 
defined as: 
aq
AA
org
AA
D C
C
K =            ( 2) 
 
Here  is the concentration of undissociated acetic acid (AA) in phase i. For reactive 
extraction systems, a high K
i
AA C
D value is desirable.  
During extraction, the extractant may be transferred from the organic phase to the BO 
phase. The amount of amine transferred from the organic phase to the BO phase during the 
extraction process is defined as:  
x100% org
TA o,
aq
TA t,
A
w
w = λ   (3) 
 
W
aq
TA t, = amount of tertiary amine (g) in the BO layer after extraction 
W
org
TA o, = amount of tertiary amine (g) in the organic phase before extraction  
 
In the experimental work, values for ηE and λA are determined for each experiment and 
compared: preferably, ηE =100 and λA = 0. 
6.3  Results and discussion 
6.3.1  Feedstock analysis 
BO is a complex mixture containing a wide variety of organic molecules. The characteristics of 
the BO and the aqueous phase of a thermally treated BO used in this study are provided in 
Table 6-1. The latter was obtained by treatment of BO at 300-340
oC and 140 bar. 
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Table 6-1. Properties of bio-oil and aqueous phase of thermally treated  
bio-oil 
 
Physical property 
 
BIO-OIL  Aqueous phase of 
thermally treated 
BIO-OIL 
Water content (%-wt)  30  80 
HHV(MJ/Kg) 20  1.5 
Density (g/ ml)  1.25  0.97 
pH 2.5  2.3 
Elemental analysis
b   
C 50.9  13.0 
H 7.7  7.8 
N 0.2  - 
S -  - 
O
a 41.20 79.1 
a. by difference b. %wt on wet basis 
 
Various types of organic acids are present in both samples (formic acid, acetic acid, propionic 
acid, see Table 6-2).  
 
Table 6-2. Analytical data for organic acids in BO and the 
aqueous phase of thermally treated BO
a
Type of Acid  BO 
Aqueous phase of 
Stabilized BO  
 (wt%)  (wt%) 
Formic acid  n.d.
b n.d.
b
Acetic Acid  6.2  6.22 
Propionic acid  0.4  0.07 
Butanoic acid  0.04  - 
a. Quantities based on GC analyses. b. not detectable 
 
For comparison, the type and amounts of organic acids for a number of studies reported in the 
literature are given in Table 6-3.  
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Table 6-3. Amount of typical carboxylic acids in various pyrolysis oils from 
selected suppliers 
Acid  
 
BTG  
(%wt) 
Dynamotive  
(%wt) 
Ensyn  
(%wt) 
Pyrovac  
(%wt) 
Acetic acid  3.18  2.45  4.73  2.24 
Propionic acid  0.28  0.32  0.65  0.29 
Formic acid  0.19  0.12  0.12  0.06 
 
Evidently, acetic acid is the dominant organic acid in all samples, in line with our analysis. The 
actual amount varies considerable, likely the result of differences in biomass feedstock, reactor 
technology and processing conditions. In this study, we focused on the recovery of acetic acid 
as it by far the most abundant acid in BO.  
6.3.2  Extraction studies with crude bio-oil  
Acetic acid recovery using reactive amines has been studied both for crude BO and the 
aqueous phase of a thermally treated BO. The first part of this paper is dealing with crude BO. 
First, screening experiments with crude BO and TOA dissolved in a hydrocarbon solvent will 
be reported, followed by studies aimed to identify suitable co-solvents and diluents to enhance 
the acetic acids extraction efficiencies and to reduce TOA transfer from the TOA/solvent layer 
to the BO layer. Finally, optimization experiments with the preferred system are reported. All 
extractions were carried out at room temperature and atmospheric pressure. 
6.3.2.1  Screening studies using crude BO 
Initial screening experiments were carried out in a batch set-up (Method A, see 
experimental section) with crude, undiluted BO using TOA dissolved in an a-polar solvent (pet-
ether or dodecane) as the extractant phase. The extractions were performed at 20
oC and 
atmospheric pressure for 12 hours. For these experiments, a 1 to 1 phase ratio was applied. 
After extraction, the organic acid in the amine phase and TOA content in the BO phase were 
determined and the results are summarized in Table 6-4. 
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Table 6-4. Experimental overview for screening experiments  
using crude BO
a 
 
Entry TOA 
solvent 
CAA/CTOA
b ηE   λA
   [M/M]  (wt%)  (wt%) 
1 Dodecane    1.1  4  71 
2 Pet  ether  1.1  4  78 
3 Dodecane  2.7  2.5  73 
a. Experimental procedure A was applied, see experimental 
section for details. b. Based on intakes. 
 
It is evident that only a very limited amount of acetic acid is extracted from the BO to the 
organic phase. Due to the prolonged reaction time (12 h), it is highly likely that the system has 
reached equilibrium and that the low extraction efficiency is an intrinsic thermodynamic feature 
of the systems.  To exclude kinetic effects, the concentration of acetic acid in the organic phase 
was followed in time for an experiment (entry 2 in Table 6-4).  The results are represented in 
Figure 6-3.  
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Figure 6-3. Acid extraction efficiency as a function of  time (entry 3 in 
Table 6-4). Line for illustrative purposes only 
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Clearly, equilibrium is reached within less than 1000 s, implying that the results provided in 
Table 6-4 are not biased by kinetics and are an intrinsic thermodynamic feature of the system.   
Another striking feature is the large amount of TOA present in the BO layer after the 
extraction process. This is highly undesirable, TOA is a relatively expensive chemical and the 
presence of bound organic nitrogen reduces the attractiveness of the remaining BO layer for 
energy generation. To reduce the amount of TOA transferred to the BO layer, the solubility of 
TOA in the BO phase should be minimized. A variety of experiments were performed with co-
solvents to modify the polarity of the BO phase and thus affinity of TOA for this phase. These 
are described in the following paragraph. 
6.3.2.2  Effects of co-solvent addition to the BO phase on the extraction process  
The addition of several co-solvents to the BO phase (THF, ethanol, 2-ethyl-1-buthanol 
and dichloromethane) was investigated to modify the polarity of the BO layer with the 
objective to reduce the TOA solubility in the BO phase and to improve acetic acid extraction. 
The experiments were carried out in batch mode (method B, see experimental section) at room 
temperature with BO dissolved in a co-solvent (50 vol%) and TOA dissolved in pet-ether (20 
vol%). An overview of the experiments is given in Table 6-5.  
 
Table 6-5. Reactive extractions of BO with TOA using different BO co-solvents 
a  
BO co-solvent   Phase behavior 
b ηE (%)  λA  (%) 
No solvent, (pure BO) 
c L-L   4  78 
THF L-L  60  39 
Ethanol L-L  29  60 
2-ethyl-1-buthanol Miscible  -  - 
Dichloromethane Miscible  -  - 
a.  BO-co-solvent: 50-50 %vol, 20 %- vol. TOA in pet ether. 
b.  Number of phases formed after mixing both liquids. 
c.  Extraction with TOA in dodecane instead of pet-ether 
  
Employment of 2-ethyl-1-buthanol and dichloromethane produced single phase 
systems when contacting the BO phase with the TOA/pet-ether phase and are therefore not 
suitable for this application. For ethanol and THF immiscible two-phase liquid-liquid systems 
were formed upon contacting. The extraction efficiency for acetic acid was 60% for THF, 
which is considerably higher than for ethanol (29%). The amount of TOA ending up in the BO 
layer are also lowered considerably when using THF (39% versus 78% for the base case,   Acetic Acid Recovery from Fast Pyrolysis oil   6-11 
however, is still far from acceptable. These numbers are significantly better than for the base 
case (no co-solvent, see Table 6-5) and clearly shows the benefits of the use of a co-solvent for 
the BO phase.  The exact role of co-solvent addition to the BO phase is not clear at this stage. 
The co-solvent distributes between the BO layer and the TOA-pet-ether layer and affects the 
physical properties (polarity, viscosity) not only of the BO layer but also of the TOA/pet-ether 
layer (vide infra). This combined effect will affect the extraction process in terms of acetic acid 
transferred to the TOA-pet ether layer and TOA transfer to the BO layer. 
6.3.2.3  Effect of TOA diluents on the extraction process  
Initially, dodecane and pet-ether were used as the diluents for TOA. Further 
experiments with a range of diluents for the TOA phase with different solvent properties (a.o. 
polarity), were performed to optimize the extraction efficiency and to reduce the amount of 
TOA in the BO layer at equilibrium. It is well established that amine diluents have a profound 
effect on the organic acid extraction efficiencies for aqueous systems [14-18]. The experiments 
were carried out in a batch mode (method B, see experimental section) at room temperature 
with the BO dissolved in THF (50 vol%) and TOA dissolved in the co-solvent (50 vol%). The 
phase ratio for both layers was set at a 1:1 ratio.  
 
Table 6-6. Effect of diluents in the TOA layer on the extraction process 
a  
TOA diluent 
Number of liquid 
phases at equilibrium 
ηE
(%) 
λA 
(%) 
Hexane 2  43  7 
Octane 2  47  6 
Decane 2  38  16 
Dodecane 2  27  21 
Hexadecane 2  24  18 
Methyl iso-butyl ketone (MIBK)  1  -  - 
Toluene 1  -  - 
o-Xylene 1  -  - 
Chloroform 1  -  - 
a. BO in THF (50 %- vol.), TOA in solvent (50 %- vol.).  
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Employment of MIBK, toluene, o-xylene and chloroform resulted in the formation of a 
single phase and these solvents are therefore not suitable for our purpose. The use of non-polar 
solvents (hexadecane, octane, decane and dodecane) gave two distinct liquid phases. These 
results imply that for BO, strongly a-polar TOA co-solvents are required to create a liquid-
liquid system.  
The extraction efficiency and the TOA losses are a strong function of carbon number of 
the hydrocarbon solvent (Table 6-6 and Figure 6-4). The extraction efficiency was highest for 
octane (47 wt%) and considerably lower for hexadecane (24%). This may be caused by slight 
changes in the physical properties of the hydrocarbons, affecting the extraction 
thermodynamics. Such effects have been reported in the literature. For instance, differences in 
extraction efficiencies were observed when extracting gluconic acid and glycolic acid from 
aqueous solutions using TOA in various hydrocarbon solvents (hexane, cyclohexane, toluene) 
[22,23]. The observed trend in extraction efficiencies as a function of the carbon number of the 
hydrocarbon solvent may also be the result of major differences in TOA distribution between 
both layers. The amount of TOA in hexadecane (18 wt%) is about three times higher than in 
octane (6 wt%). The relatively high amounts of TOA in the BO layer when using hexadecane 
will have a profound effect on the thermodynamics of the extraction process and is expected to 
lead to reduced acetic acid extraction efficiencies.   
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Figure 6-4. Effect of different types of hydrocarbon diluents on the 
reaction efficiency and TOA losses (BO in THF (50 %- vol.), TOA in 
amine solvent (50 %- vol.), room temperature).    Acetic Acid Recovery from Fast Pyrolysis oil   6-13 
 
 
  On the basis of these data, it can be concluded that octane is the preferred diluent for 
TOA.  
6.3.2.4  Effect of the type of tertiary amine on the extraction efficiency 
Two different amines (tri-dodecylamine, TDDA and TOA) both dissolved in dodecane 
(50 vol%) were tested with BO dissolved in THF (50 vol%). The experiments were carried out 
in a batch mode (method B, see experimental section) at room temperature. The results are 
given in Figure 6-5.  
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Figure 6-5. Effect of type of amine on the extraction process (amine dissolved 
in dodecane (50 %-vol. dilution), BO in THF (50 %-vol.)) 
 
It is evident that TDDA performance is considerably better than TOA. The extraction 
efficiency is about twice that of TOA and amine distribution between both layers is 
considerably improved. The latter may be due to the longer hydrocarbon chains of TDDA 
compared to TOA, leading to a higher affinity for the dodecane-amine layer instead of the more 
polar BO layer. Improved extraction performance for acetic acid may be the result of this more 
favorable TDDA distribution. However, effects due to differences in acetic acid-amine complex 
stability cannot be excluded. It is well known that the distribution coefficients for organic acids 
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in aqueous-amine extraction systems are a clear function of the molecular structure of the 
amine and difference up to a factor of 5-10 in distribution factors for lactic acid have been 
reported [24]. 
6.3.2.5  Systematic studies for the preferred system 
Systematic experiments were performed with BO dissolved in THF and a TOA-octane 
extraction solvent. This was shown to be the preferred system with respect to extraction 
efficiencies and TOA distribution. The only exception is the choice of the amine. Although 
TDDA performed better than TOA, the latter was selected for further optimization as it is 
considerably (about ten times) less expensive than TDDA.  All experiments were carried out in 
a batch mode (method B, see experimental section) at room temperature. 
6.3.2.6  Effect of the diluent-TOA ratio on the extraction process 
A number of experiments were performed with different TOA-octane wt ratio’s at a 
constant phase ratio of 1 (vol. basis). The results are given in Table 6-7 and schematically 
represented in Figure 6-6.  
 
Table 6-7. Extraction efficiency and TOA distribution as a 
function of the TOA weight fraction 
a
XTOA 
 
 
nAA /nTOA
b ηE
 
λA 
 
(weight fraction)  [mole/mole]  (%)  (%) 
0.23 1.0  58%  19% 
0.45 0.5  59%  23% 
0.63 0.3  50%  23% 
0.77 0.2  43%  33% 
1 0.2  32%  52% 
 
a. TOA in octane, BO in THF (50 vol%),  1 tot 1 vol. BO-TOA phase ratio   
b. Based on initial intakes 
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Figure 6-6. Influence of XTOA on ηE and λA. (■) ηE; (○) λA. Conditions: BO-THF 
(50 %-vol.), TOA in octane, room temperature, phase ratio of 1.0 (vol. basis).  
 
The extraction efficiencies are about 60 wt% at TOA wt. fractions below 50%. 
However, the efficiency drops rapidly when using higher TOA loadings and an extraction 
efficiency of only 30 % is observed for pure TOA. It is well known in the extraction literature 
that the diluent concentration has a profound effect on the extraction efficiency and KD. For the 
aqueous extraction of acetic acid in alamine 336 dissolved in 2-ethylhexanol, an optimum for 
the KD was observed at 50% dilution [25]. However, in our system, the extraction efficiency 
may also be affected considerably by the transfer of TOA from the a-polar organic layer to the 
BO layer. At TOA loadings above 70 wt%, considerable amounts of TOA dissolve in the BO 
layer (Figure 6-6). As a result, the extraction efficiency may be reduced considerably due to 
reaction of acetic acid with TOA in the BO layer.  
The distribution of TOA between the BO layer and the octane layer may be calculated 
using eq 4. 
               
               
               
 6-16 Chapter  6   
TOA
BO
TOA
org
TOA C
C
K =  
(4) 
 
The values of KTOA at different XTOA values were calculated from the mass balances. For XTOA 
values below 0.6, the value for KTOA is between 3 and 4. However, at higher XTOA values, the 
values for KTOA reduce considerably (0.8 for XTOA equals 1). Thus, the value for KTOA is a clear 
function of the XTOA.  
6.3.2.7  Effect of dilution of the BO phase on extraction performance 
Four experiments with a different acid concentration in the BO phase were carried out 
by adjusting the THF-BO weight ratio. The extraction was carried out with a TOA solution in 
octane (50 vol%). A summary of the results is given in Table 6-8. 
 
Table 6-8. Effect of bio-oil loading in THF on reactive extraction 
performance 
a.  
XBO 
(weight fraction) 
nAA/nTOA 
(mole/mole) 
ηE
(%-wt) 
λA 
(%-wt) 
0.81          0.95   17%  17% 
0.66          0.71   28%  8% 
0.47          0.47   57%  14% 
0.26          0.24   93%  9% 
a.  TOA in octane (50 %- vol.), BO in THF, room temperature,  1 to 1 phase ratio (vol. basis) 
b.  Based on initial intakes 
 
  The extraction efficiency is a clear function of the BO loading. At higher loadings, the 
extraction efficiency reduces considerably (Figure 6-6). The highest efficiency (93 %) was 
observed at XBO = 0.23 and this is also the highest value obtained in this study. The observed 
trend that the extraction efficiency reduces at higher BO loadings (i..e higher acid 
concentrations in the BO-phase) is in line with literature data on reactive extraction processes 
of aqueous organic acids using tertiary amines. The acid concentration is known to have a 
profound effect and generally Kd is lowered considerably when increasing the acid 
concentration at constant amine loading [25]. Hence, it is expected that the extraction efficiency 
will be reduced when working at higher BO loadings. Effects on the extraction efficiency by   Acetic Acid Recovery from Fast Pyrolysis oil   6-17 
concentration dependent transfer of TOA to the BO layer can be excluded for this case as the 
TOA concentration in the BO-THF layer is about constant at different BO-THF ratio’s (Figure 
6-7).  
Another explanation for the observed trend of higher efficiencies at lower BO loadings 
may be related to the distribution of THF between the BO and TOA - octane layer. Mass 
balance calculations indicate that significant amounts of THF dissolve in the TOA-octane layer 
and that this effect is more pronounced at higher THF loadings. It may be expected that this 
affects the extraction efficiencies by changing the physical properties (polarity, viscosity) of the 
TOA/octane layer.  
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Figure 6-7. λA (○·–·) and ηE (■--) as a function of bio-oil weight fractions in 
THF. (TOA in octane (50 % -vol.), 1 to 1 phase ratio of the BO and TOA phase, 
room temperature).  
 
6.3.3  Acetic acid recovery from the aqueous phase of a thermally treated BO 
TOA distribution between the BO phase and the extractant phase considerably hampers 
the extraction process. We anticipated that this problem could be solved by applying an 
aqueous BO derived fraction enriched in organic acids. An attractive aqueous fraction for this 
purpose is obtained by thermal treatment of BO at elevated temperatures (>-300
oC) and 
pressures (>100 bar) and residence times of around 5 minutes. This results in a phase separation 
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of the oil, an acidic aqueous phase top layer and a bottom layer rich in other organics (Table 6-
1) [26]. The reactive liquid-liquid extraction concept using tertiary amines was applied to 
recover acetic acid from a typical aqueous phase containing 6.2 wt% of organic acids. Several 
preliminary extraction experiments were executed with different TOA-diluents (octane, 
toluene), similar to the experiments reported above. The results of the reactive extractions are 
compared with previous results found from BO/THF mixtures in Table 6-9. 
 
 
Table 6-9. Reactive extractions with the aqueous phase of a 
thermally treated BO
a. Process conditions: 50 %-vol. TOA in 
amine solvent.  
 
TOA diluent 
 
Acetic acid source 
 
ηE   
(wt-%) 
 
λA    
(wt-%) 
Octane Aqueous  phase  71  0 
Toluene Aqueous  phase  75  0 
Octane
b BO/THF phase  93  9 
a.  50 vol% TOA in diluent, room temperature, 1 to 1 phase ratio 
(vol. basis).  
b.   Optimum conditions:  0.23 wt% BO in THF, 50%-v TOA in 
octane 
 
The extraction efficiency of the aqueous phase was 71% when using octane as the TOA 
diluent and slightly higher (75 %) with toluene.  
In contrast to the experiments with BO, no TOA was detected in the aqueous phase after 
reactive extraction. Therefore, acetic acid recovery from the aqueous phase of a thermally 
treated BO appears feasible and warrants further investigations. A large series of experiments 
on the extraction of acetic acid from aqueous samples using TOA in different organic solvents 
were reported by Ziegenfuβ and Mauer (1994). This is the basis of work now being carried out. 
 
6.4  Conclusions 
  Reactive extraction using long chain tertiary amines in combination with various 
diluents, originally developed and optimized for the extraction of organic acids from aqueous 
streams, has been applied to extract acetic acid from BO. The physical properties of the BO 
matrix are considerably different from that of commonly used aqueous systems and this 
strongly affects the extraction process. A particular drawback is the distribution of TOA   Acetic Acid Recovery from Fast Pyrolysis oil   6-19 
between the BO-phase and the TOA-organic phase. By proper selection of diluents and 
optimization of loadings, an acetic acid extraction efficiency of 93 % could be obtained using 
TOA in a single equilibrium step with 10 wt% of the TOA ending up in the original BO-phase.  
Screening experiments with the aqueous phase from a thermally treated BO were very 
successful and extraction efficiencies of 75% could be obtained using TOA diluted with toluene. 
Further experimental optimization studies and modeling activities for the latter system are in 
progress and will be reported in due course. 
  
6.5  Nomenclature 
i
j W   Weight of j in phase i, g 
 KD Distribution coefficient, M/M 
i
j , t W   Weight of j in phase i at reaction time equal to t, g 
i
j C   Concentration of j in phase i, M 
  
Subscript and Superscript 
AA Acetic  acid 
aq  Original BO phase 
org Organic  phase 
t  Reaction time equal to t, min 
o  Initial condition or reaction time equal 0, min 
TA Tertiary  amine 
TOA Trioctylamine 
  
Greek symbol 
ηE Extraction efficiency, wt% 
λA Amine loss, wt% 
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